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FOREWORD 


The Second DOE/NASA Wind Turbine Dynamics Workshop was held in Cleveland, Ohio, on February 
24-26, 1981. Over 200 persons met at Cleveland State University to hear papers on the 
dynamic behavior of large and small horizontal -axis and vert leal -ax Is wind turbines. While 
the first DOE /NASA dynamics workshop {reference below) concentrated on structural dynamics, 
the present program contained 48 papers on a variety of topics. Including: 

0 Aerodynamics 

0 Structural Dynamics 

0 Electrical System Dynamics 

0 Control Dynamics 

0 Acoustics 

Papers were contributed by universities, manufacturers, government laboratories, and private 
research organizations. 

The objective of this Workshop was to discuss and document recent progress in the analysis 
and prediction of the dynamic behavior of wind turbine generators. Discussions followed each 
technical session in which the participants were asked to focus on the following questions: 

0 Are state-of-the-art analysis tools satisfactory for designing the next generation 
of wind power systems? 

0 Are state-of-the-art analysis tools being used satisfactorily by designers? 

0 What important verifications of theory are lacking or Inadequate? 

Summaries of these informative discussions as well as the questions and answers which 
followed each paper are documented in the proceedings. 

The Workshop Committee is appreciative of the many efforts of presenters, session chairmen, 
and reviewers which contributed to the success of this conference. 

Reference: Wind Turbine Structural Dynamics, NASA Conference Publication 2034, 

DOE Publication CONF-771148, 1978 
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AERODYNAMIC POTPOURRI 


Robert E. Wilson 

Department of Mechanical Engineering 
Oregon State University 
Corvallis, Oregon 97331 


ABSTRACT 


Aerodynamic developments for vertical axis and horizontal axis wind turbines are given that relate to the 
performance and aerodynamic loading of these machines. Included are: (1) a fixed wake aerodynamic model 

of the Darrieus vertical axis wind turbine; (2) experimental results that suggest the existence of a lam- 
inar flow Darrieus vertical axis turbine; (3) a simple aerodynamic model for the turbulent windmill /vortex 
ring state of* horizontal axis rotors; and (4) a yawing moment of a rigid hub horizontal axis wind turbine 
that is related to blade coning. 


I. DARRIEUS FIXED WAKE THEORY 

A fixed wake theory for the Darrieus Rotor has been 
developed and compared to test results (1). A 
comparison of theory and test results is shown 
below in Figure 1 . 



Figure 1. Fixed Wake Theory and Test Results 
for the Sandia 17 m Machine. 

The induced velocities at the front and rear of 
the streamtube shown in Figure 2 are determined 
from the shed vorticity in the wake. For the 
front position (segment BC), a semi-infinite 
wake of strength directly proportional to the 
circulation at BC is developed. No effect from 
the rear position is felt along BC. 

At the rear position, DA, the induced velocity is 
the result of the wake from the front blade which 
appears as an infinite wake and a semi -infinite 
wake of strength directly proportional to the 
circulation at DA. A point in the far wake is 
subject to infinite wakes from both the front 
and rear blade positions. If we denote the in- 
duced velocity by AUp = ap and AUr = or Veo 
where F stands for front and R for rear and we 
use Tp and to represent the front and rear 
blade circulations, then we may write 





Figure 2. Fixed Wake Streamtube. 


aUr = k[2|rp| + jr^l] = 

= ^^irpl + 2lrp|] = 2 aV^ 

Here the far-wake induced velocity is defined as 
2a. Accounting for the sign of the circulation, 
these results may be put in the form 



aR-ap 


a 


These relations are exactly the same as developed 
by Holme (2). Momentum considerations yield an 
expression for the dimensionless induced velocity 


a(l-a) 


BcX 

BttR 


C, W 
r L 



1 

R 


where B is the number of blades, c is the chord, 

X is the tip speed ratio, C. is the Tift coeffi- 
cient and W is the velocity^relative to the blade. 
Both the lift coefficient and the relative veloci- 
ty are determined from the local induced veloci- 
ties. When the circulation is expressed in terms 
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of the lift coefficient, the above three equations 
can be used to determine a, a^^ and ap. 

For idealized aerodynamics, = Zirmsina, the 
above relations can be solved in simple form. 

The results are: 

a(l-a) = ^ cosY sine(l-a + /raf) 
ap = ^(1 ~ vT^2a ) 

~ ” v^“2a) 

where y is the inclination of a blade element with 
respect to the vertical and 0 is the blade angular 
position, 90° being directly upwind. 

II. DARRIEUS DRAG COEFFICIENT MEASUREMENTS 

During testing of the 5 meter and 17 meter Darrieus 
vertical axis turbines at Sandia Laboratories, data 
has been obtained at wind speeds below 1 mph (3). 

At such wind speeds, the tip speed ratio is 70 or 
above so that the blades are operating with very 
small angles of attack. In this mode of operation, 
power input is required to overcome blade drag, so 
that the power input, RPM and rotor geometry can 
be used to determine the blade drag coefficient 
Cq^. Data from the Sandia Laboratories test site 
is^reduced using the method of bins (4). The 
results for NACA 0015 blades are shown below. 

Each point represents over 400 samples using the 
bins method. Also shown are the results of a 
numerical prediction for the NACA 0015 airfoil. 

The computation method is described In Reference 
(5). 



Figure 3. Cn^ versus Reynolds Number for the 
' NACA 0015 Airfoil. 

These few data points suggest that laminar flow may 
exist up to a chord Reynolds Number of 1.1 *10^ for 
the NACA 0015 extruded aluminum Darrieus vertical 
axis wind turbine blades. The test results for 
the 17 m at 38.7 RPM show a higher peak power co- 
efficient (0.46) and lower peak power output 
(K = 0.0080) than achieved for operation at 
^max 


higher RPM. If laminar flow characteristics can 
be incorporated into the design of a vertical 
axis wind turbine, significant improvements can 
be made in the COE and reliability of a Darrieus 
Rotor , 

III. TURBULENT WINDMILL/VQRTEX RING STATE 

Strip theory analysis of horizontal axis wind 
turbines determines local induced velocity by 
equating blade normal forces to the momentum 
change in a streamtube. Figure 4 below illus- 
trates the operating states of a rotor expressed 
in terms of the thrust coefficient, Cj, and the 
induced velocity, a. 



Figure 4. Rotor Operating States. 

For operations at induced velocities greater than 
0.5, it may be seen that there is a great differ- 
ence in the value of Cj between the momentum and 
Glauert (6) . 

The aerodynamic loads and the performance predicted 
using the momentum and Glauert values of Cj show 
corresponding differences. The Glauert empirical 
curve is represented by an implicit algebraic 
equation, however, approximating the Glauert re- 
lation by a straight line gives a- useful and ac- 
curate representation the local thrust coefficient 
for strip theory use. Using the expressions 
given below, strip theory calculations were made 
for a two-bladed rotor with NACA 0015 constant 
chord, untwisted blades. The local values of Cj 
used were 

C^- = 4a{l-a) a < 0.38 

• i 


Ct- - 0.5776 + 0.96a a > 0.38 

‘l 

Test data (7) and calculations are illustrated in 
Figure 5 below. The measured value of Cj)p . 
Increases with tip speed ratio for 0° and 
2° blade pitch angle cases. The calculated flow 
for these cases are in the turbulent windmill 
state. Agreement between theory and test suggests 
the above relations can be used to predict the 
aerodynamic loads of horizontal axis wind turbines 
operating in the turbulent windmill state. 
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Figure 5. Measured and Predicted Rotor Thrust 
Coefficients at Various Blade Pitch 
Angles. 

IV. YAW MOMENT FOR A HORIZONTAL AXIS WIND 
TURBINE 


Dov/nwind rigid-hub horizontal axis wind turbines 
derive their yaw stability from blade coning. 

The coning acts similar to dihedral in an airplane 
by increasing the velocity normal to the upwind 
blade. Yaw forces developed by rigid hub rotors 
are quite small so that the yaw moment controls 
yaw stability. The yaw moment can be expressed 
in terms of integrals over the blade length. 
Denoting the yaw angle as 6 and the position 
of the ith blade by 0., as shown in Figure 6, 
the rotor yaw moment *is the moment about the z 
axis. Considering the flow induced by rotor yaw, 
the yaw moment is obtained by the approach of 
Ribner (8) in which the yaw moment is determined 
from blade forces and momentum considerations. 


WIND 



Figure 6. Wind Turbine in Yaw. 


The results for a rotor with B blades is 
M 6^2 

Cm = ^ = - - S COS‘^6 . T-rr" 

z <» 


where 


8C, 


\ 2 




nsini^ Fydn 


and = (|)[2C^O-a) + nX] 

and = C|^cos(^ + CpSin(j> 

Cn = C^ coS(|) + Cp si 0(1) - C^ 

(}> a a 

Ct = Cj^sin({) - CpCOScj) 

Here the local blade coning angle is ip, the blade 
chord is c and is the angle between the local 
relative wind and the plane of rotation. The 
variable n is the radial position r divided by the 
rotor radius R. For a rotor with 3 or more blades, 
the yaw moment becomes 

'•Mj - - 2. I,H, 


The above relation has not been verified by com- 
parison to test data, however, downwind free-yaw 
rigid rotors are observed to be stable in yaw and 
the above term has been found to be, by far, the 
largest stabilizing moment. 

CONCLUSIONS 


The material presented above should be of use in 
the design and design analysis of wind turbines. 
Three of the four developments have been compared 
with test data. 
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QUESTIONS AND ANSWERS 


R.E. Wilson 


From: T. Currin 

Q: Effects of articulation on yaw forces and motions? Order of magnitude with coning? 

A: Professor Miller ^s paper ^ "On the Weathervaning of Wind Turbines (Journal of Energy^ 

Vol, dy Eo, 5y Sept-Oot 197 9 y pp , Z19-ZZ0) y develops expressions for teetering and 
articulated rotors. His paper was the first to note the dihedral like effect of 
coning . 

From: J. Glasgow 

Q: How did you get measurements for the power coefficient on Sandia machine? 

A: Data was obtained using the method of Bins (4) by Sandia (3). 

From: F* Perkins 

Q: When will a wind turbine enter the vortex ring state, and what will the loads look 

like (steady state or not, large or small)? 

A: The blade normal loads as measured (7) are large. The time histories of these 

loads appeared to be steady. 


From: I, Paraschiyoiu 

Q: Did you calculate the loads distribution as a function of the azimuthal angle 0 for 

a vertical -ax is turbine? 

A: YeSy loads were calculated as a function of 9. As would be expectedy the upwind 

blade positions experience the largest loads. 

From: L, Mirandy 

Q: Vortex ring formula implies can reach 1.5. I have never seen any data mech, 

over 1.0, have you? 

A: The data of Glauert (British Aeronautical Research Committee Reports & Memoranda 

Ho. 1026y Feb. 1926) has up to 1.5 and above. 
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AERODYNAMIC PERFORMANCE PREDICTION OF HORIZONTAL AXIS WIND TURBINES 


D. R, Jeng, T. G. Keith and A. Aliakbarkhanafjeh 

Department of Mechanical Engineering 
The University of Toledo 
2801 W. Bancroft Street 
Toledo, Ohio 43606 


ABSTRACT 

The purpose of this work is to describe a new method for calculating the aerodynamic performance of 
horizontal axis wind turbines. The method, entitled the helical vortex method, directly calculates the 
local induced velocity due to helical vortices that originate at the rotor blade. Furthermore, the 
method does not require a specified circulation distribution. 

Results of the method are compared to similiar results obtained from Wilson PROP code methods 
(Prandtl, Goldstein, NASA and no tip loss) as well as to existing experimental data taken from the NASA 
Mod-O wind turbine. It is shown that results of the proposed method agree well with experimental values 
of the power output both near cut-in and at rated wind speeds. Further, it is found that the method does 
not experience some of the numerical difficulties encountered by the PROP code when run at low wind 
velocities. 


INTRODUCTION 

Recently there has been a renewed interest 
in wind turbines as a means of producing power. 
Considerable effort has been directed toward 
experimental and theoretical studies of wind 
turbine performance. 

At present, the analytical method used in 
predicting aerodynamic wind turbine performance by 
the NASA Wind Energy research group utilizes a 
modified blade element theory [1] or Glauert vortex 
theory incorporated with Prandtl [2], Goldstein 
[3] and NASA [4] tip loss models. In the Glauert 
vortex theory, it is assumed that trailing vortices 
originate from the rotating blades and form a 
helical vortex system that passes down stream. 

This vortex system, in turn, induces velocitie$ 
which alter the flow around the blade. However, 
in this method, the induced velocities are not 
determined directly due to the complexity of the 
method. Instead, an interference velocity is 
calculated as the induced velocity of this vortex 
system on any blade element. The calculation of 
these interference velocities is simplified by 
assuming that the rotor has an infinite number of 
blades. The latter assumption removes the com- 
plexity associated with the periodicity of the 
flow and permits momentum theory to be directly 
used to evaluate the interference velocities. 
However, for single and double bladed rotors, this 
assumption may be inadequate. 

Consider a wind turbine, rotating with an 
angular velocity Q about its horizontal axis of 
rotation, that is placed in a uniform stream of 
wind of velocity Vq parallel to the axis of 
rotation. The blaae can be coned or tilted to an 
angle of v from the plane perpendicular to the 
axis of rotation. The velocity experienced by the 
typical blade is shown in Fig. 1. It can be seen 
from Fig. 1, that V^Cl-alcos^j is the wind free 
stream velocity minus the axial interference 
velocity normal to the blade surface. Further, 
fir(l+a*)cos^ is the relative velocity of blade to 
the air velocity and accordingly is the angular 
velocity of the blade section plus the rotational 


interference velocity. The factors, a and a]_ are 
the axial and the rotational interference factors 
respectively. 

In order to evaluate the local drag force 
and torque , the interference factors a and a^ must 
first be determined. However, before presenting 
the equations for determining a and a^, it may be 
helpful to review the tip and hub losses for a 
blade. It should be anticipated that the flow 
aroimd a rotor blade of finite length will be 
disturbed at the tip and root or hub of the blade. 
These disturbances are due to the fact that the 
difference of pressure between the upper and lower 
sides of the blade disappear along the blade span 
and must therefore diminish to zero toward the tip 
and hub. An approximate method of estimating the 
effect of these radial disturbances has been given 
by Prandtl [2], Later, a more accurate solution 
to this problem was developed by Goldstein [3] . 
Introducing a reduction factor, F, to account for 
the fact that only a fraction of the air between 
successive vortex sheets of the slip stream 
receives the full effect of the motion of these 
sheets, into the momentum equation for the flow 
at radius r and then equating the differential 
drag and torque equations obtained respectively 
from momentum and blade element theories, permits 
the writing of equations which must be satisfied 
by a and These equations may be written as: 

a, (C. cos<j) + Cj^sin4))cos^^ 

a^ijLi u f 1 "\ 

_ = 4 F sin^^ ^ ^ 

and 

a' aLCCj_sin<|) - Cpcoscfi) 

1+a' 4 F sin<(i coscji 

Expressions for the reduction factor F can be 
found in [2,3]. The tip loss method which has 
been used by NASA is the so-called "effective 
radius model". Due to the radial flow near the 
boundary of the slipstream, there is a drop of 
circulation which can be represented by an equiv- 
alent rotor with an infinite number of blades 
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and with the same drag force but with a smaller 
radius R^, i.e., an effective radius is defined as 

R = B • R (3) 

e o ^ 

where B is a constant tip loss factor, 
o r 

Wilson and Walker [4] developed a computer 
program called PROP to evaluate the solution of 
eqs. (1) and (2) . A preassigned tip loss factor 
(F = 1, no tip loss) was used and an iteration 
procedure for determining a and ^ for a given 
differential element was employed. Once a and a^ 
were determined, torque, drag and power could all 
be calculated from the appropriate equations. 
However, the value of the axial interference factor 
a has a limit. For a positive axial velocity V^, 
the induced axial velocity of out flow near the 
rotor with a coning angle if; is a cosif;) , thus, 
from vortex theory, the induced axial velocity in 
the ultimate slipstream will be C2V^a cosif;) . 
Therefore, the trailing velocity of air far behind 
the rotor is [V^(l-2a)cosifj] . Equations (1) and (2) 
are based on the notion that the axial velocity at 
any location is unidirectional, and, therefore, the 
analysis is valid only if a £ If the rotor 
absorbs all the energy, i.e., then a would 

have a maximum value of I, Unfortunately, by 
using the PROP code to calculate a, under certain 
operating conditions, particularly for large tip 
speed ratios (small wind velocities), the local 
value of the axial interference factor can exceed 
this limiting value for all tip loss models. 
Therefore, the equations cease to be valid. It 
was also found that the PROP code generally under- 
estimated the performance [5, 6] . Accordingly, it 
is the purpose of this paper to develop a computa- 
tional method for predicting aerodynamic perfor- 
mance of a horizontal axis wind turbine that avoids 
these difficulties. In this method, the induced 
velocity is directly calculated by integration of 
Biot-Savart ’ s law under the assumption that a 
filament of the trailing vortices is helical in 
nature, extends infinitely downstream of the rotor, 
and has constant pitch and diameter. Of primary 
importance, the method does not use interference 
factors . 

The predicted performance of wind turbines 
obtained by use of the present technique will be 
compared with those obtained from the PROP code and 
with some experimental data obtained from the Mod-0 
100 kw wind turbine operated by NASA - Lewis 
Research Center in Sandusky, Ohio. 

ANALYSIS 

General Assumptions and Discription of the Problem 

Two major assumptions upon which the present 
analysis is based may be stated as follows: 

1. ) The trailing vortex system is helicoidal 
with constant pitch and diameter, and extends 
infinitely far downstream from the blade. 

2. ) The relative velocity of a blade element 
to the medium is identical to that in two- 
dimensional motion if reference is made to 
the relative velocity between the element and 
the medium. 


Unlike Goldstein theory, the helical vortex 
assumption does not restrict the circulation dis- 
tribution along the blade. In the Goldstein 
theory, an optimum circulation distribution was 
used that corresponded to a rigid helicoidal 
vortex system moving backward with constant 
velocity. However, in both theories, it is assumed 
that the slipstream expansion may be secondary and 
thus neglected. 

The physical model of the problem is illus- 
trated in Fig. 2. The coordinate system, which is 
shown in Fig. 3 was chosen such that the z coordi- 
nate is the distance measured from the rotor to a 
segment of the trailing vortex parallel to the 
axis of rotation of the rotor and that the r axis 
is along the blade. The conning angle of blade is 
i|;. The induced velocities are computed in terms 
of the coordinate system in Fig. 3 as will be 
demonstrated in the next section. 

Calculation of Induced Velocity 


Suppose that circulation at a particular span 
location, say r, of the blade is T. The circula- 
tion at a nearby point, say r + dr is 


The difference in these circulation values i.e.. 


dr 


dr , according to Helmholtz theory, the strength 


of a vortex that will spring out from the blade 
element of dr to form the trailing vortex. Fig. 2. 
The induced velocity normal to the resultant 
velocity W at a point r^ due to the helical vortex 
filament originating from each of the blades and 
extending to infinity is determined, via the Biot- 
Savart* law [7] by. 


WrCO = 


1 dr ,> 


4itRcosi(i 


k=l 


"l *"2 


de (4) 


^hub 


where N. 


a - 

2 2 

[^(0sine^ + cos0j^)-C* ] CDS ij; 

5^ + - 255 'cos 6 j^ + e\^^cos^t(/ 

,2 2 , ^,2 

cos ^ ^ 

n , 2,rCB-k) 

V 

o 

fiRcosi|; 




r 

R 




Il 

R 
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An expression similar to eq. (4) was employed by 
Plencner [8] for studying propeller characteristics. 

The integration with respect to 9 in eq. (4) 
is an arduous task. Furthermore, the form of the 
expression, as it stands, is inconvenient for 
practical use because the integral becomes infin- 
itely great at the point ^ and 0 =0. 

Clearly, this feature unless properly handled can 
cause considerable errors when calculating the 
induced velocity. 


Moriya [7] proposed a method to remedy the 
problem. In his method, he introduced a so-called 
induction factor I which is defined as 
B - N + N 

r 3/2 1/2 

k=lJo *^1 


ICC.eV.Xp) = (5-5') 


With this factor, the singularity at C = can 
be shown to reduce eq. (4) to 


w 


n 



d 5 i 

4 ttR cosA (C-C*) 


C6) 


It should be mentioned that the induction 
factor, which is a continuous function of X , 

5 and C*, is simply the ratio of the normal” 
induced velocity for a helical trailing vortex 
system to the normal induced velocity for a 
straight trailing vortex system of the same 
strength. At a point C* = C, the induction factor 
I has a value of unity. In the following, the 
induction factor will be determined by numerical 
integration using 24 terms of a Lagurre- Gaussian 
Quadrature [9]. 

Governing Equation Formulation 


The governing equation used in this study can 
be established from the fact that if the blade 
section is set at a geometrical angle of attack, 
a^, relative to the incoming wind velocity, W, as 
shown in Fig. 4, its setting relative to W is 
a diminished by the downwash angle, a^. This 
^ relation may be written as 


a 


g 


where 


a. 

1 


a. 

1 


tan 


(7) 


and is an effective angle of attack. The 
negative sign appearing in eq. (7) occurs because 
the induced angle of attack, a., is itself a 
negative number. The geometric angle of attack 
can be obtained from Fig. 4 as 


^ -IX cosiij « 
tan o - 3 

V 


( 8 ) 


where 3 is the pitch angle of the blade element at 


The induced angle of attack may be expanded 
in series form in terms of Moreover, because 

W 


the value of 
assumed that 


w 

n IS usually small, it may be 
W 



^hub 


I(g,C^Xa) dg 


dC 


4-nQR^ cos^ip 




( 9 ) 


The circulation function, r, may be expressed as 
a Fourier- Sine series satisfying the following 
boundary conditions 

= 13 = r(5^^j,) = 0 

An expression that meets these conditions may be 
written as 

rC5) - E A^sinmUi^j (10) 

m=l \ hub 

The relation between circulation and lift coeffi- 
cient is given by the Kutta-Joukowski theorem for 
a two-dimensional airfoil as 

r = i c w c (11) 

where c is the chord length. 


Using equations (5) and (7) through (11), the 
aerodynamic characteristics for a given blade 
element can be determined. The calculation 
involves an iteration process and requires that 
the series for r be truncated at N terms, A 
computer program has been developed for this 
iteration and proceeds according to the following 
logic : 

1) Assiime a = a in the first iteration. 

eg 

2) Find from two-dimensional airfoil data 
such as that shown in Figs. (5) and (6). In 
the program, experimental data for and 
were curve fitted using polynomials 

and were stored in the program.- 


3) Calculate the local circulation r(C) by 
employing eq, (11). 

4) With the values of r(C) known at each 
location the constant’s, A^, appearing in 
eq. (10) can be determined by solving a set 
of linear algebric equations. 


5) Calculate local a. by using eq. (9). 

This can be done by substituting eq. (ID) 
into eq. (9) and integrating the resulting 
equation. However, in practice, the integral 
is broken into three separate integrals to 
remove the singularity as follows 


g( 5 )d 5 = / g( 5 )d 5 + I g( 5 )dg + 




^hub 


^hub 





( 12 ) 


where 6 is an arbitraily small number, say 
S = 10'^. 
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(16) 


The first and the last terms on the right hand 
side of eq. (12) can be evaluated by using stand- 
ard nianerical integration procedures. The second 
integral on right hand side of eq. (12) contains 
a singularity, but, it can be shown that its value 
is very small, 0(10'“^), and, thus, may be ignored 
in the calculation. 


0.95 (Pj^ - 0.075 Pg) 

in which: 

P^ ; generated electrical power, kw 

u 

P ; power produced by rotor, kw 
R 


6) Calculate a new a = a + a . . 

e g 1 

7) Obtain from two-dimensional data using 
newly calculated a^. 

8) Compare the current Cj^ to the previous value 
of Gj^, and if equal, stop, otherwise repeat the 
iteration by returning to step 3. 


Power, Torque and Drag on Wind Turbine 

Once the iteration process is successfully 
terminated and the effective angle of attack 
distribution calculated, the rotor thrust, torque 
and power can be calculated respectively from the 
following equations 

jrn 

-j- = ^pBcW^ (C^cos(J)+Cj^sin^)cosi|j 

^ = IpBcW^ (Cj^sin<|)-Cj^cos<|))r cosi|) 


Pg ; rated electrical power, kw (100 kw) . 

Predicted alternator power is plotted against 
wind speed in Fig. 9. Also shown are correspond- 
ing theoretical results obtained by using the PROP 
computer code and existing experimental data [12]. 

From these figures, it can be seen that there 
is a closer correlation between the values pre^ 
dieted by the present method and the experimental 
data than there is with the four PROP code methods 
of predictions. It is generally known that PROP 
code models underestimate performance compared with 
experimental data [5, 11, 13]. However, our results 
are 10 to 15% higher than are PROP code values for 
wind speeds, ranging from 8 to 20 mph. There is 
excellent agreement between our data and the exper- 
imental values. Our data predicts a ”eut-in'* wind 
speed of 8 mph which agrees with the actual value 
reported in [5] . It is known that the ’’cut-in” 
speed is not predicted accurately by any of the 
methods found in the PROP code. 


Integration yields 

T = (ipBcW^) (Cj^cos(j)+Cj^sin4)) R cosi|;dC 


(13) 


'’hub 


Q = j (JpBcW^) (Cj^sin4)“*Cj^cos4>)R^cosi|j dC 


(14) 


^hub 


p = / (|pBcW^)(R^S2cosi|;) (Cj^sin(|)-Cj^cos<|))Cd? 


(15) 


^hub 


RESULTS AND DISCUSSION 


Other calculations have been made for the 
MOD-1 wind turbine (2MW) . The operating conditions 
and the input data for these calculations are 
listed in Table II. The airfoil used for the blade 
construction is an NACA 4418 with a ’’half rough” 
surface condition and a variable twist angle along 
the blade span. 

The chord and twist angle are tabulated in 
Table III. 

The power coefficient C vs. tip speed ratio 
for MOD-1 is presented in ^ Fig, 10. As can be 
seen, the results obtained from the PROP code are 
unlikely as the power coefficient has a saddle- 
like distribution. On the other hand, our results 
do not exhibit this behavior. It is believed that 
incorrect handling of the interference factors is 
the source of the difficulty. 


The proposed method has been used to calcu- 
late performance of two-bladed wind turbines. The 
particular blade and operating conditions, listed 
in Table 1 and used in the calculations, corres- 
pond to those of NASA's Mod-0, lOOkw large wind 
turbine located in Sandusky, Ohio. Further des- 
cription of this facility may be found in [10] . 

A circulation distribution corresponding to 
the operating condition tabulated in Table 1 is 
plotted in Fig, 8. As one can see, it is quite 
irregular and departs greatly from an eliptical 
shape general ly used in aerodynamic studies in 
which the distribution of circulation is unknown. 

An empirical expression, taken from [11], was 
used in the calculations to compare predicted to 
recorded alternator power. This expression 
accounts for drive train losses and is given as 
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torque coefficient 
distance along the blade 
r cos 

radius of rotor 
effective radius 
thrust 

wind velocity 

normal induced velocity 

vector sum of rotational and wind 
velocity 

vector sum of W and w 

n 

rearward distance from the rotor 
angle of attack 
effective angle of attack 
geometric angle of attack 
induced angle of attack 
pitch angle 
circulation 
density 

solidity = 2 r 

L 

coming angle 
rotational speed of blade 


a 

a* 

B 


NOMENCLATURE 

axial interference factor 
rotational interference factor 
number of blade 
chord 

drag coefficient 

lift coefficient 

power coefficient 

lift 

power 

torque 
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Table I 


Operating Condition of the Utility Pole Wind Turbine 


Root /Tip Chord 
Chord Distribution 
Percent Root Cut 
Blade Radius R, ft 
Conning Angle, deg. 
Solidity 

Thickness to Chord Ratio 
Airfoil 
Pitch Angle 
Airfoil Surface 

Operating RPM 
Twist Angle 


6.25/2.08 
see Fig. 7 
23% 

62.5 

3.8 

0.033 

.24 

NASA 230-24 
0 

Rib Stitched, Fiberglass Cloth 
(half rough) 

32 and 33 rpm for 2 blade 
0 


Table II - Input Data and Operating Condition for MOD-1 Wind Turbine C2MW) 

Root /Tip Chord 


12/2.82 

Blade Radius R, ft. 


100.8 

Hub Radius 


9.75 

Percent Root Cut 


10% 

Conning Angle, deg. 


9 

No. of Blade 


2 

Airfoil 


NASA 4418 (half rough) 

Pitch Angle 


0 

Operating RPM 


34.7 

Solidity 


0.042 

Table III 

- Chord and Twist Angle 

r/R 

Chord ft. 

Twist Angle 



degree 

1 

2.82 

-3 

.9 

3.9 

-1.85 

,8 

5.0 

-0.62 

.7 

5.95 

0.62 

.6 

6 .95 

1.85 

.5 

8.0 

3.0 

.4 

9.0 

4.28 

.3 

10.03 

5.5 

.2 

11.03 

6.69 

.1 

12.0 

8.0 



Fig. 1 - Force and velocity diagrain for Glauert vortex theory. 
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Seclion angle of att£K:l(, DEGREE 

Drag coefficient vs. angle of attack for a half rough 23024 airfoil 



^ = r/R 

Fig. 7 - Chord distribution along the blade.' 



Fig. 8 


Circulation Distribution. 










QUESTIONS AND ANSWERS 


D, Jeng 


F r om : Anonymous 

Q: Can you comment on actual power being higher than predicted at high wind speed? 

A: Comp avis on between expenimentat and theoretical values is valid only between wind 

speeds of 8 mph to 18 mph. When the wind turbine reaches the rated power of 100 kW. 
Because the blade geometry for the theoretical calculation was not changed y the 
actual power and predicted power cannot be compared for wind speeds which exceed 
the rated value of 18 mph (Fig. 9). 

From: Anonymous 

Q: Can any conclusion about aerodynamic correlation be drawn from cut in speed results 

which are largely dependent on mechanical friction and may vary from season to sea- 
son? 

A: To obtain alternator power y the rotor power values were corrected for drive train 

losses by an empirical equation applicable for the MOD-0 wind turbine and given in 

the text. It is assumed that the power loss due to friction for this particular 
machine is 7.5 kW which is constant . By comparing the cut-in speedy we can compare 
the actual rotor power (alternator power is zero) and the predicted rotor power at 
the lowest wind speed. 


IS 



DOUBLE~MUI.TIPLE STREAMTUBE MODEL FOR DARRIEUS WIND TURBINES 


Ion Paraschivoiu 

Institut de Recherche d*Hydro~Quebec 
Varennes, Quebec 
Canada, JOL 2P0 

ABSTRACT 

An analytical model Is proposed for calculating the rotor performance and aerodynamic blade forces for 

Darrieus wind turbines with curved blades* The method of analysis uses a multiple-streamtube model, di- 
vided into two parts: one modeling the upstream half-cycle of the rotor and the other, the downstream 

half-cycle* The upwind and downwind components of the Induced velocities at each level of the rotor were 

obtained using the principle of two actuator disks in tandem. 

Variation of the induced velocities in the two parts of the rotor produces larger forces in the upstream 
zone and smaller forces in the downstream zone. Comparisons of the overall rotor performance with 
previous methods and field test data show the important improvement obtained with the present model* 

The calculations were made using the computer code CAEIDAA developed at IREQ. The double-multiple 
streamtube model, presented in this paper, has two major advantages: it requires a much shorter computer 


time than the three-dimensional vortex model and 
predicting the aerodynamic blade loads* 

INTRODUCTION 

The Darrieus-type vertical-axis wind turbine is 
one of the best wind energy conversion system. 
This curved-blade turbine is now under theoreti- 
cal and experimental study in the U.S., at Sandia 
Laboratories (2-m, 5-m and 17-m turbines), for 
example, and in Canada at a larger scale with the 
230-kW machine in the Magdalen Islands and, 
recently a new project for building a prototype 
of about 4000-kW for the end of 1983* 

The first approach to modeling the aerodynamic 
performance of a Darrieus wind turbine was devel- 
oped by Templin (ref. 1), who supposed that the 
rotor is enclosed in a single streamtube. 

A more complex analytical model is the multiple- 
streamtube (ref. 2) in which the swept volume of 
the turbine is divided into a series of adjacent, 
aerodynamically independent, streamtubes* The 
blade element and momentum theories are then em- 
ployed for each streamtube. This model assumes 
that the induced velocity varies over the frontal 
disk area, both in the vertical and the horizon- 
tal directions. 

Rotor power, torque and drag are calculated by 
averaging the contributions from each stream- 
tube. The multiple streamtube model is a good 
approach for predicting the overall performance 
and axial force of Darrieus turbines under con- 
ditions where the blades are lightly loaded and 
the rotor tip speed ratios are low, (refs. 2 
and 3). 

Other types of aerodynamic performance model for 
studying vertical-axis wind turbines are based on 
the vortex theory; these are the fixed-wake 
(ref. 4) and free-vortex models (refs. 5 and 6). 
Recently , S t rickland (ref. 6 ) extended the free- 
vortex model to the curved-blade Darrieus tur- 
bine, using a concept of the three-dimensional 
vortex structure. He used a single lifting/line 
vortex theory to represent an airfoil segment. 

Overall turbine performance in the form of drag, 


is more accurate than mult iple-st reamt ube model in 


torque and power eoefficient, have been reason- 
ably predicted by streamtube models and the ana- 
lytical results are in good agreement with exper- 
imental data. The performance values calculated 
with vortex model in the same conditions (stalled 
or unstalled blades) are not much better from 
this point of view. Although the vortex models 
have the major advantage of predicting the blade 
forces more exactly than the streamtube models 
but they have the disadvantage of requiring 
considerable computer time. 

AERODYNAMIC MODEL 

Induced Velocities 

The calculation of the induced velocities through 
the rotor is based on the principle of the two 
actuator disks in tandem at each level of the 
rotor, as shown in Figure 1. This analytical 
method uses a multiple-streamtube model divided 
in two parts: one for the upstream half-cycle of 
the rotor and the other for the opposite half- 
cycle (downstream). The multiple-streamtube 
model has been extended . to the flow field 
upstream and downstream of the rotor. 

The upwind and downwind components which traverse 
each streamtube are considered separately and the 
variations in the freest ream velocity are incor- 
porated into the model. The freest ream velocity 
profile is given by the following relation: 

ih/hS'" ( 1 ) 

The upwind velocity component is less than the 
local ambient wind velocity, V < , and in the 
middle plane between the upstream and the down- 
stream zone there is an equilibrium-induced 
velocity, Vq< V; thus the induced velocity de- 
creases in the axial streamtube direction so that 
the downwind component is less than the equilib- 
rium velocity, V* < V^. Figure 1 shows the ve- 
locities induced into a pair of actuator disks in 
tandem with Lapin’s assumption, (ref. 7). For 
the upstream half-cycle of the rotor, the local 
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Lateral view Upwind view 



Figure 1 - Definition of rotor geometry for a 
Darrieus wind turbine. Two actuator 
disks in tandem. 


wind velocity decreases by an interference 

factor of u ^ 1 and the induced velocity becomes 

V = uV . (2) 

qol 


Finally the equilibrium-induced velocity is 

= (2u-l) V, (3) 

e ooi 

For the downstream half-cycle of the rotor, is 
the input velocity and, at the end of the stream- 

tube, the induced velocity can be written 

V’ - u* (2u-l) V , (4) 

ool 


where u’ = V* /V^ is the second interference fac- 
tor for this part of the rotor, u’ < u« 

Under these conditions, the streamtube induced 
velocity is calculated by a double iteration, one 
for each part of the rotor. 

Upstream Half-Cycle of the Rotor 


The local relative velocity for the upstream 
half-cycle of the rotor, -7t/2 ^ 9 ^ tt/ 2, is 
given by the expression: 

= V^ |(X - sin 0)^ + cos^e cos^d] (5) 

where X - mr/V represents the local tip speed 
ratio. The definitions of the angles, and the 
force and velocity vectors at the equatorial 
plane of the rotor are given in Figure 2. The 
general expression for the angle of attack is: 


a « arcs in 


cosUcosScosOq - (X-sin6) sin 


(6: 


L ^ (X - sin9)^ + cos^B cos^6 
This Equation suggests the possibility of a 



Figure 2 - Angles, force and velocity vectors 
at the equatorial plane. 


as 3 ^metrlcal section or a sjnnmetrical section 
where the chord line is not tangent to the circle 
of rotation (or blade flight path), oq ^ 0, here 
we supposed oq = 0. 


Using the blade element theory and the momentum 
equation at each streamtube and by equating the 
Vertical variation of the induced drag coeffi^ 
cient of the rotor, we found: 

F (V/V = ITTI (V/V ) f(V ,/V ) - (V/V )1 (7) 

Up QO 00 L J 

or, in the terms of the interference factor, 

F u - XTi (1-u) , n - r/R (8) 

up 


where F^p is the function that characterizes the 
upwind conditions 


F 

up 



sin9 
IcosOicosd 



d9 

(9) 


and 


cosa + slna 

( 10 ) 

slna - cosa 


The blade airfoil section lift and drag coeffi- 
cients, Cj. and Cp respectively, are obtained from 
NASA and Sandia Laboratories test data by inter- 
polation using both the local Reynolds number and 
the local angle of attack. 

Defining the blade Reynolds number as Rej,- Wc/Ua>, 
for local conditions, Re^j is given by the follow- 
ing relation: 

= (vc/u_^) - sln6)^ + cos^e cos^6 (11) 
where c is the airfoil chord and Voo is the kine- 
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ma t ic viscosity* I at roduc ing the turbine 
Reynolds number Re^- = wRc/Uoo, we obtain the rela- 
tionship between Re^ and Re|.: 

Re^ = ^Re /X^ ^ (X - s in6 ) ^ + cos^0 cos^ 6 (12) 

For a given rotor geometry and rotational speed w 
and a given velocity at each streamtube position 
from Equation (1), a value of Induced local tip 
speed ratio X is chosen by assuming that the 
interference factor u is unity* Thus, Ke)y and a 
will be evaluated in first approximation and the 
characteristics of the blade section profile C^, 
Cj). Then, with Equations (10), the normal and 
tangential force coefficients are estimated, and 
Equation (9) allows us to evaluate the function 
Fup* With the first value of F^p we can calcu- 
late another value of the interference factor 
employing Equation (8) and the iterative process 
is repeated until successive sets of u are 
reasonably close. Convergence is fast with a 
maximum number of iterations at the equatorial 
streamtube, especially for high tip speed ratios, 
and the error is less than 10*“^. Once the true 
value of the induced velocity V has been calcu- 
lated, we can obtain the local relative velocity 
W with Equation (5) and the effective angle of 
attack a with Equation (6). 

Upstream Blade Forces and Performance 

The streamwise blade force, normal and tangential 
components may be evaluated for each streamtube 
as functions of the blade position. Half -rotor 
torque, power and drag are resolved by averaging 
the contributions from each streamtube for the 
upstream half-cycle of the rotor* 

For each blade in the upstream position, the non- 
dimensional force coefficients as functions of 
the azimuthal angle 0 are given by: 

Fjj (0) = (cH/S) (n/cos6) dc, (13) 


Thus the power coefficient for the upstream half* 
cycle of the rotor can be written: 



hq ^Qi 


(18) 


Downstream Half -Cycle of the Rotor 

For the second half-part of the rotor in the 
strearaflow direction (or downstream half-cycle) 
the local relative velocity is: 

= V'^[(X' - sln9)^ + cos^ 9 cos^d] (19) 

where X' ~ wr/V* 

and the angle of attack is given by Equation (6) 
where X is replaced by X’ with 7r/2 $ 6 « 3w/2. 
The induced velocity in this part of the rotor V* 
is a function of both interference factors: up- 
stream (u) and downstream (u*), and with the con- 
dition of continuity we can obtain one of the 
velocity components in terms of the others for a 
certain wind velocity V ,, Equation (4). 

ool 

Following the same logic used for the upstream 
half-cycle, we consider that the equilibrium used 
for the velocity given by Equation (3) is the in- 
put condition of the flow in the downstream half- 
cycle at each streamtube. Thus, the iterative 
process is initialized by u* = u, where u is the 
true value obtained for the first part of the 
rotor at each level. 


The transcendental equation which contains the 
interference downstream factor u’ becomes: 


F^w ~ (l"u*) (20) 

where the function F, is: 
dw 


‘ dw 


8wRy/2 In 


cose 

|cos0| T 


sln9 

j cos 6 [cos 6/ \V* / 


2 

d6 
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Downstream Blade Forces and Performance 


for the normal force, and by: 

(0) » (cH/S)y^ (n/cos5) dc, (14) 

for the tangential force, where C = z/H and S is 
the swept area of the rotor. 

'The torque produced by a blade element is calcu- 
lated at the center of each element. By integra- 
tion along the blade we obtain the torque on a 
complete blade as a function of 0: 

1 

T (9)=4-p„eRH f C„ (ti/cos6) dc (15) 

Up 1 

The average half-cycle of the rotor torque pro- 
duced by N/2 of the N blades is thus given by: 


The normal force coefficient as a function of 9, 
for a complete blade, is : 

Fjj (9) = (cH/S) y| (n/cosS) d? (22) 

and the tangential force coefficient of the blade 
as a function of 9 is given by: 

F^ (9) = (cH/S) y^ (w'/vj^ (n/cos5) d? (23) 

The torque on a complete blade, in the downstream 
half-cycle, as a function of 9 is: 

’’^dw (n/cos6) d? (24) 


T « ^ / T (0) d9 
up V -L^/2 up 

and the average torque coefficient will be: 



(16) 


(17) 


The average half-rotor torque has the following 
form: 


T = m 

dw IT 


37T/2 

/ T (9) d9 

4/2 


( 25 ) 


and the average torque coefficient: 
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(26) 


"Q2 


NcH 

2ttS 


In 4 


The power coefficient for the downstream half- 
cycle of the rotor becomes; 


C 


P2 


TT 

Vco Q2 


(27) 


The power coefficient for the full cycle is the 
weighted sum of the coefficients for the half- 
cycles: 




(28) 


RESULTS AND DISCUSSION 

In order to verify this analytical model, we cal- 
culated the aerodynamic loads of the blades and 
torque as a function of the blade angular posi- 
tion as well as the power coefficient as a func- 
tion of tip speed ratio, including the effects 
due to ambient winds t ream shear- The theoretical 
results obtained with the double-multiple-stream- 
tube were compared with other analytical models 
such as multiple-streamtube and two-dimensional 
vortex theory, and with the experimental data for 
Sandia 5-m rotor (ref -8)- The rotor of this 
turbine possesses two (or three) of the straight-- 
line / circular-arc form, with a constant symmet- 
rical airfoil NAGA-0015, from hub to hub. 

The double-multi pie- St ream tube model shows impor- 
tant retardation of the flow in the downwind zone 
of the rotor. The aerodynamic forces on the 
blades are considered as the nondimens ional 
normal and tangential force coefficients for each 
element of the blade, separately, in the upwind 
and downwind positions. The elemental force 
coefficients were integrated along the length of 
the blade and the variation with the azimuthal 
angle was obtained with respect to a rotational- 
axis system, x-^ 0 y^^ where Xj^ has its initial 
position linked to blade No, 1 in Figure 2. 

Figure 3 shows the resultant of the normal force 
coefficient for two blades as a function of the 
blade position. For a tip speed ratio of 
XgQ= 3.0, the zero value of Fj^ may be observed 



Figure 3 - Comparison between normal force coef- 
ficients calculated by the multiple- 
streamtube theory, and the present 
model. 



the normal blade loading, for each 
blade, in the upwind and downwind 
zones. 



the normal force coefficient, for two 
blades, at three tip speed ratios. 


to occur at 0 <- 90° in contrast with 6 - - 90°, 
as is the case of the multiple-streamtube model. 
The variation in the normal force coefficient 
with the blade position is shown in Figure 4 for 
each blade; the normal forces are smaller in the 
downwind than in the upwind zone. The effect of 
the tip speed ratio on the normal force is pre- 
sented in Figure 5 for X^q = 1.5, 3.0 and 5.2. 







Figure 6 - Comparison between tangential force 

coefficients calculated by the multi- 
ple-streamtube theory and the present 
model. 



Figure 7 - Variation of the tangential blade 


loading with the azimuthal angle 9, 
for each blade, in the upwind and 
downwind zones. 



Figure 8 - Variation of the tangential force 

coefficient with the azimuthal angle 
9, for the two blades, at three tip 
speed ratios. 



Figure 9 - Power coefficient as a function of 
the equatorial tip speed ratio. 
Comparison between analytical model 
results and field test data for the 
Sandia 5-m, two -blade rotor. 



Figure 10 - Power coefficient as a function of 
the equatorial tip speed ratio. 
Comparison between analytical model 
results and field test data for the 
Sandia 5-m, three-blade rotor . 

The tangential force coefficient for two complete 
blades as a function of the azimuthal angle is 
plotted in Figure 6 for a tip speed ratio of 
Xeq = 3,0, The variation of this force calculat- 
ed with multiple-streamtubes Is similar on both 
half-cycles of the rotor. The tangential forces 
obtained with the present model are smaller on 
the downwind face of the rotor in comparison with 
the tangential forces on the upwind face. Figure 
7. The effect of the tip speed ratio on the 
tangential force is given in Figure 8 for 
XgQ - 1.5, 3.0 and 5.2. 

Figure 9 presents a comparison of the power co- 
efficient results from three analytical models: 
multiple-streamtubes, two-dimensional vortex 
theory and double-raultlple-streamtubes with 
Sandia field test data for two NACA-0015 blades, 
5-m rotor. We can see that the double-multiple- 
streamtube model is in good agreement with the 
experimental data for tip speed ratios of 3.5 to 
8.5. The results of the present model are better 
than with other stream tube methods because the 
downwind blade sees the induced velocity differ- 
ently from the upwind blade, V*<V. This con- 
cept can be improved by considering the effects 
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of the dynamic stall of the blades which is 
prevalent at low tip speed ratios and causes the 
torque to increase. 

Figure 10 shows a comparison between the power 
coefficient obtained from the multiple-stream- 
tube theory, the present model and the Sandia 
field tests for three NACA-0015 blades, 5-m ro- 
tor. There is a good agreement with test data up 
to tip speed ratio of about 7; for low speed 
ratios, X 3.5, the same phenomenon as with a 
two-blade rotor can be observed. There is a big 
difference between the multiple-st reamt ube re- 
sults and experimental data, where the power 
coefficient reaches its maximum- The tip speed 
ratio for a maximum power coefficient decreases 
mainly with increasing drag and does not seem to 
be influenced by the number of blades. Retarda- 
tion of the flow in both upstream and downstream 
zones intensifies with increasing rotor solidity; 
however, this effect is more significant in the 
downstream region of the rotor. 

CONCLUSION 

The present analytical model represents an exten^ 
sion of the multiple-streamtube model, which is 
capable of calculating the difference in the in- 
duced velocities at the upstream and downstream 
passes. This is possible if it is assumed that 
each element of the rotor is replaced by two 
actuator disks in tandem, in the wind direct ion- 
The aerodynamic characteristics for each element 
of the blade were therefore obtained independent- 
ly for the upwind and downwind parts of the rotor 
by using both the local Reynolds number and the 
local angle of attack. 

The double-multi pie-stream tube model allows for 
variation of the aerodynamic loads and the torque 
with the blade position for each part of the ro- 
tor. The method is generally adequate for study- 
ing a Darrieus rotor with several curved blades. 
Field test data with a Sandia 5-m machine and 
comparisons with previous methods satisfactorily 
confirm the theoretical predictions for the over- 
all performance parameters. 

The present model could be improved by consider- 
ing the effect of dynamic stall on the blades, 
which would enhance the ability to predict both 
loads and performance. This refinement is 
currently under way at IREQ and the results will 
be compared with those furnished by other analy- 
tical models as well as with Magdalen Islands 
field test data. 
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QUESTIONS AND ANSWERS 


I , Paraschivoiu 


Prom: Art Smith 

Q: If the Darrieus produces a significant side force, is it not wrong to neglect the 

lateral component of velocity? 

A: No 3 because the effect of the tateval component of vetoaity is normally smaller than 

10% of the freestream velocity (see Ref, 6)s if the lateral component of velocity is 
considered the loads prediction will be better. 
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ABSTRACT 


The theory for the UTRC Wind Energy Conversion System Performance Analysis (WECSPER) for the 
prediction of horizontal axis wind turbine performance is presented. Major features of the analysis 
are the ability to: (1) treat the wind turbine blades as lifting lines with a prescribed wahe model; 
(2) solve for the wake- induced inflow and blade circulation using real nonlinear airfoil data; and (3) 
iterate internally to obtain a compatible wake transport velocity and blade loading solution. This 
analysis also provides an approximate treatment of wake distortions due to tower shadow or wind shear 
profiles. Finally, selected results of internal UTRC application of the analysis to existing wind 
turbines and correlation with limited test data are described. 


INTRODUCTION 

The analytical capabilities required to 
accurately predict horizontal axis wind turbine 
rotor performance are varied and complex depending 
on the turbine design, operating conditions, and 
the desired computational accuracy. Such factors 
as rotor yaw angle, tower shadow, and wind shear 
create inflow profiles which are unsteady and 
nonuniform. Conditions where the turbine rotor 
wake is close to the rotor disk result in wake 
induced effects v^ich can significantly affect 
performance predictions. Further complexities 
occur when rotor aeroelastic effects are 
considered. Many of these effects are generally 
neglected for wind turbine rotor performance 
predictions because the increased computational 
costs required to obtain the gain in predictive 
accuracy are not justifiable. 

The UTRC Wind Energy Conversion System 
Performance Analysis (WECSPER) for horizontal 
axis wind turbine performance is capable of 
treating uniform wind conditions using rigid 
blade aerodynamics which include real airfoil 
section properties (lift and drag) for prescribed 
wake geometries. In addition, it can treat 
nonuniform inflow profiles for conditions which 
do not violate the assumptions of the analysis. 

The computer code is computationally very fast, 
highly modular, and well structured. This 
analysis is a logical extension and refinement 
of the UTRC Prescribed Wake Rotor Performance 
Method of Landgrebe (Refs. 1 and 2) for hovering 
helicopter rotors which has been adapted and 
applied to statically thrusting propellers 
(Ref. 3) and high speed propeller configurations 
(Ref. 4). This analysis (Ref. 2) and similar 
derivatives for helicopter foirward flight 
applications have been expanded in capability 
and combined into a single comprehensive rotor 
inflow analysis, the UTRC Rotorcraft Wake 
Analysis (Ref. 5). 


THEORY 

General 

Briefly, the method is derived utilizing 
blade-element lifting line theory and incorporates 
a prescribed wake model consisting of a finite 
number of trailing vortex filaments. The 
trajectories and positioning of these filaments 
are prescribed through internal equations or 
input coordinates. To reduce the computational 
time, the original analysis makes use of the 
fact that for zero yaw angle and steady uniform 
wind conditions the flow is steady with respect 
to the turbine rotor blades and has an axially 
symmetric wake. The analysis uses a cylindrical 
coordinate system axially aligned with the 
trajectory of the wake. All velocities and 
lengths are defined in the positive sense 
consistent with the right hand rule. Figure 1 
illustrates this coordinate system. Figure 2 
is an illustration of two types of prescribed 
wake models used for hovering helicopter rotors 
(similar representations are used for propellers). 
The classical model is the one generally used 
for wind turbine application and is used 
herein. This model is generally acceptable for 
wind turbine applications because the wake is 
transported rapidly away from the blades. A 
free wake analysis can be used to obtain a wake 
geometry which models the self-induced distor- 
tions; however, this is a costly computational 
procedure and is generally not warranted. Once 
the position of the wake is prescribed, a set 
of equations in terms of the unknown bound 
circulations is generated utilizing the Kutta- 
Joukowski and Biot-Savart relationships and the 
airfoil section lift characteristics. The 
solution for the blade bound circulation dis- 
tributions is found and the corresponding 
induced velocity and section angle of attack 
distributions are calculated. With the use of 
the two-dimensional airfoil data the complete 
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blade loading distribution (lift and drag) and 
rotor performance (thrust and power) are then 
obtained , 



Figure 1. Coordinate System Used in the UTRC 
Horizontal Axis Wind Turbine 
Performance Analysis 


G6NERAUZED DISTORTED WAKE 


CLASSICAL WAKE 



Figure 2. Computer Wake Representation for 
One Blade of a Hovering Rotor, 
Classical and Generalized 
Distorted Wake Models 


Lifting Line - Wake Modeling 

The concept of a prescribed wake, blade 
element, lifting line theory applied to wind 
turbine rotors assumes that each blade of the 
rotor is represented by a segmented bound 
vortex lifting line located along the rotor 


blade quarter chord line with a s panwise varying 
concentrated circulation strength proportional 
to the local blade lift (Kutta-Joukowski Law). 
The wake is assumed to be modeled by a system 
of discrete segmented trailing vortices shed 
from the junction points of the bound vortex 
segments. The circulation strength of these 
trailing segments is a function of the spanwise 
blade bound circulation gradients. A finite 
wake whose trailing filament segmentation is 
defined by a specified azimuthal step size 
( Ai|i) , is used which is of sufficient length to 
approximate an infinite wake. Figure 3 is an 
illustration of this modeling procedure. 



Figure 3, Representation of a Blade and 
Wake by Bound and Trailing 
Vortex Segments 


The influence (induced velocity) of the 
bound and trailing vortex segments at any field 
point is computed by using the Biot-Savart Law 
for finite length, straight line segments of 
constant strength. The induced velocity of a 
filament segment due to a unit strength is 
called the geometric influence coefficient. 

The calculation of these coefficients is the 
most time consuming portion of the analysis. 

within this analysis it is possible to 
prescribe internally several different wake 
geometries or to input the wake geometry from 
an external source. Only the classical wake 
model ^ich is currently used for wind turbine 
applications is described. The classical wake 
model is defined by the addition of the wind 
speed and the momentum induced velocity for the 
condition being investigated. 




( 1 ) 
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No radial wake expansion or contraction is 
used. The resulting wake shape is a helix for 
which the pitch rate depends on the wind speed 
and thrust level (Fig. 2). 

Vortex core effects are not modeled in 
this analysis because it is assumed that 
conditions for which the vortex core influence 
should be considered will not occur (i.e., 
close blade-vortex interactions). The roll-up 
of the vortex sheet into a tip vortex is 
modeled by prescribing the wake roll-up for the 
tip region if desired. Our experience has 
shown that for most wind turbine operating 
conditions, wake roll-up modeling is unnecessary 
for performance predictions, even though flow 
visualization studies have clearly shown the 
existence of a tip vortex. 

Blade Element Aerodynamics 


a = 9 + tan ^ [(V + v )/U_] 

w z T 

The local axial induced velocity due to a given 
wake geometry is a function of the unknown 
bound circulation distribution and known 
geometric influence coefficients (GC) for the 
particular wake geometry. 

N 

4itR j 3 ( 5 ^ 

j=l 

These relationships (Eqs, 2-5) result in a system 
of simultaneous nonlinear equations in terms of 
the wake geometric influence coefficients (GC) , 
the inflow and section properties at each blade 
element, the two dimensional lift coefficients, 
and the unknown blade circulation distribution. 


The modeling of the wind turbine blade by 
the lifting line approach defines the inflow 
and the effective angle of attack at each blade 
segment. This aerodynamic model is shown 
conceptually in Fig. 4. Tabulated linearized 
airfoil data are used to relate the effective 
angle of attack at each blade element segment 
to the local section lift, thus inherently 
accounting for the chord wise vorticity distribu- 
tion and the Kutta condition. For this discre- 
tized system, the section bound circulation (r) 
is related to the local velocity (U), chord 
(c), and lift coefficient (C ) at a section 
through the Kutta-Joukowski flaw. 

r = I c Cj^(a)U ( 2 ) 


Solution 

The circulation solution is based on the 
linearization of the above relationships to 
form a system of linear equations whose solutions 
can be obtained and corrected for the actual 
nonlinearities of the problem using a lagged 
iteration procedure. For the linearized 
solution it is assumed that all angles are 
small, and that the local velocity (U) can be 
approximated by the local rotational velocity 
(U^) . The lift coefficient at each section 
is modeled by a linear lift curve slope (a) and 
effective angle of attack adjusted for the lift 
offset (a^) . With these assumptions and Eqs, 
(2-5), the section circulation can be expressed 
as : 



Figure 4. Lifting Line/Wake Aerodynamics 
Linearized Model 


The local velocity and effective angle of 
attack (a) are functions of the local tangential 
velocity (U.j,) , axial induced velocity (v^,) , 
wind velocity (V^) , and blade pitch angle ( 9 ). 


r - i CU^ a (e - + ' j ca 


where. 


( 6 ) 


U / V + V ' 

c =— ^ - U, e -a 

f a T \ o , 


(7) 


is the correction to the linearized equations 
for the nonlinearities of the actual problem. 
Since the induced velocity is also a function 
of the circulation distribution, the equation 
at the ith blade section can be rewritten 
as 

N 

(D^ - Gcpr^ ° ® (8) 


2 2 2 
u = (u_) 4- (V + V ) 

I w z 


(3) 


where 


V 

. w , ^ SttR 
-a + — and D = — — 
o U ac 
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This equation can be written for each blade 
segment, resulting in a system of simultaneous 
linear equations if the correction term (C^) 
is assumed known. This system of equations can 
be expressed in matrix form for the nth itera- 
tion as, 

A r" = b+c(r"”^) (9) 

where the correction vector C(r^ is cal- 
culated based on the circulation solution 
from the previous iteration. VJhen the solution 
procedure converges, the resulting circulation 
satisfies the original nonlinear relationships. 
Using the corresponding angle of attack (Eq. 

4), the section lift and drag coefficients are 
obtained from tables of airfoil data for each 
segment. The lift and drag forces are then cal^ 
culated and transformed to axial and rotational 
forces at each segment. The appropriate inte~ 
grations of these forces yield the rotor thrust 
and torque. 

Nonuniform Wind Conditions 

As noted earlier, the inclusion of wind 
shear, tower shadow, and yawed wind direction 
introduce additional complexities into the 
problem of predicting the rotor performance. 

These nonuniform inflows create aerodynamic 
environments at the rotor blades which vary 
azimuthal ly and radially, and distort the wake 
geometry in a nonsymmetric manner^ This 
dissymmetry in the wake and the azimuthal 
variation in the rotor inflow represent aero- 
dynamic conditions for which the general 
formulation of the method described above is no 
longer valid since the solution is no longer 
independent of azimuth position. Rigorous 
treatment of the problem requires the use of a 
more sophisticated analysis Which involves the 
wake dissymmetry and nonuniform rotor inflow. 

Such an analysis exists (the UTRC Rotorcraft 
Wake Analysis, Ref. 5), but it requires a 
significant amount of computer time to obtain 
the solution. In order to make use of the high 
computational efficiency of the above formulation, 
the WECSPER analysis includes an approximate 
treatment of the wake dissymmetry and azimuthal 
variation in the wind inflow. This treatment 
is broken into two portions; the wake geometry 
dissymmetry, and the azimuthal dependency. 

Wake Dissymmetry 

Comparisons made at uiKu oecween me 
predicted results using a Goldstein analysis 
and the WECSPER Analysis have shown that for 
most wind turbine operating conditions the wake 
induced influence at the turbine blade is strongly 
characterized by the immediate shed wake from 
that same blade. For these conditions the local 
wake displacement angle dominates the wake 
influence. The wake of the preceding blade is 


transported rapidly away from the rotor disk and 
does not have the strong influence on the fol- 
lowing blade that is typically seen for hovering 
helicopters or statically thrusting propellers. 
Thus, to account for the wake dissymmetry due 
to the nonuniform inflow, a pseudo wake distortion 
method can be used. 

To treat wake dissymmetry in a manner 
which makes use of the computationally efficient 
solution procedure for the symmetric wake prob- 
lem the trailing wake filaments are regionalized 
in terms of their wake age into three regions; 
a near wake region, an intermediate wake region 
and a far wake region (Fig. 5). The near wake 
region is defined from the blade which shed the 
wake to one half of the blade azimuthal spacing 
behind the blade. The blade spacing is defined 
as the azimuthal spacing between blades. The 
extent of the intermediate region is from the 
end of the near wake region to one and one-half 
blade azimuthal spacings away from the blade. 


TOP VIEW 




Figure 5, Wake Regionalization for a 

Tip Vortex Filament of a Four 
Bladed Rotor 

The far wake region is the remaining portion of 
the wake. In the analysis, the geometric influ- 
ence coefficients for all filaments are first 
calculated and stored according to the appropriate 
regions for the classical wake model. The near 
wake geometric influence coefficients of all 
filaments of a given azimuthal position are 
then scaled by the ratio of the cosines of the 
wake pitch angles defined by the uniform inflow 
definition and the local nonuniform inflow 
definition. The reason for scaling is that the 
local influence of the filament at the blade 
which shed the filament is characterized by the 
filament's orientation (Fig. 6). Geometric 
assumptions made to result in this simplified 
scaling factor have been investigated and the 
error introduced by the approximations were 
found to be insignificant for general wind 
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turbine applications. The intermediate wake 
geometry influence is computed based on correc” 
tions to the intermediate wake region geometric 
influence coefficients. These corrections are 
based on the change in axial location between 
the reference wake and the location of the 
displaced wake of this region (Fig. 6), In 
this region, changes in orientation are less 
significant than changes in axial location 
because of the strong inverse proportionality 
to displacement distance defined in the Biot- 
Savart Law. 


ROTOR BLADESj: 
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b) EFFECTIVE PSEUDO WAKE 


Figure 6, Pseudo Wake Distortion Model for 
a Tip Vortex of a Two Bladed 
Rotor 


the rotor and the performance is integrated 
over this time period to calculate the time- 
averaged wind turbine performance. 

Using all of the azimuthally varying bound 
circulation distributions obtained above, the 
induced velocity distribution at the rotor 
blades is recomputed by multiplying the pseudo- 
distorted wake influence coefficients for 
each rotor azimuth position by the appropriate 
time-dependent circulation values. Using these 
induced velocity distributions at each azimuth 
position, the resulting time averaged performance 
prediction is made. This essentially computes 
an approximately coupled azimuthally dependent 
solution. A measurement of the accuracy of the 
assumption of the near wake’s dominance of the 
rotor performance is obtained by comparing the 
approximately azimuthally dependent and indepen- 
dent performance solutions. If there is a 
significant difference, the operating condition 
is sufficiently extreme to invalidate the 
assumptions used and requires the use of a more 
technically sophisticated analysis. 

Rigorous treatment of yawed flow requires 
an analysis which computes the skewed un symmetri- 
cal wake influence and the resulting azimuthally 
dependent circulation solution (Ref. 5). In 
the WECSPER Analysis, the assumption of local 
wake dominance is assumed to allow the influence 
of small yaw angles to be treated as an effective 
reduction in the uniform axial inflow profile and 
neglects the associated wake dissymmetry. 


The far wake geometric influence coeffi- 
cients are assumed to require no corrections 
since perturbations on the far wake geometry 
about a mean wake geometry tend to be felt as 
an average influence which is equal to the 
influence of the mean wake for small perturba- 
tions. With this sealing technique, the 
initial calculation of the classical wake 
geometries influence coefficients need only be 
done for one azimuthal position of the rotor. 

Azimuthal Dependence 

The performance solution for nonuniform 
inflow conditions such as wind shear and tower 
shadow is rotor azimuth dependent. The assump- 
tion of near wake dominance and quasi-steady 
aerodynamics allows for the uncoupling of the 
azimuthal dependence in the solution procedure - 
This in turn, allows for the original, computa- 
tionally efficient, analysis solution procedure 
to be used . 

ibe geometric influence coefficients are 
calculated by the pseud o-wake distortion 
procedure for the particular inflow condition 
at a specified rotor azimuth position and the 
circulation distribution and performance 
prediction are obtained. This is done for each 
azimuth position defining one revolution of 


Wake Iteration 

Once the rotor performance prediction is 
obtained, additional iterations may be required. 
The wake geometry is defined by both the non- 
induced and induced flow velocity field, and the 
induced field is unknown at the onset of the 
analytical procedure. The method used in the 
WECSPER Analysis is to calculate the classical 
wake model based on the predicted momentum- 
induced inflow from the previous solution itera- 
tion. The first iteration value is specified 
by the user. Hie complete performance solution 
is then repeated for each iteration until a 
converged momentum induced velocity solution is 
obtained. The complete prediction procedure is 
diagrammed in the flow chart shown in Fig. 7. 

Inflow Profile Models 

The analysis is capable of treating several 
types of inflow profiles with the assumptions 
noted earlier. There are currently three types 
of profiles available in the analysis, each 
shown pictorally in Fig. 8. The conventional 
mode of analysis uses a uniform wind profile 
model (upper portion of Fig. 8) for conditions 
without azimuthal or radial variation in the 
wind inflow velocity. A wind shear profile 
model can be used in the time dependent 
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Figure 7, Simplified Flow Chart of Basic 
Structure for UTRC Wind Turbine 
Performance Analysis 


mode of operation. This model is currently 
based on a user specified power law behavior 
(lower left portion of Fig. 8), 
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The influence of a tower support structure on 
the wind turbine performance is modeled by 
assuming that the tower influence is represented 
as a constant velocity deficit from the uniform 
value over a selected region on the rotor disk, 
centered about the tower centerline. This region 
is defined by a tapered column of selected 
width and taper on the rotor disk (lower right 
portion of Fig. 8). 

APPLICATION 



Figure 8. Wind Inflow Profile Models at 
Rotor Disk 

are presented. Figure 9 presents a comparison of 
measured and predicted rotor performance at one 
blade angle in terms of power ratio versus velocity 
ratio for a 1/30 scale model of a Hamilton Standard 
3.5 megawatt wind turbine tested in the UTRC main 
wind tunnel (Ref. 6). The low speed airfoil data 
used in this analysis was adjusted to reflect 
Reynolds number effects on the minimum drag co- 
efficient and stall characteristics. These test 
results, presented for two different tip speeds, 
show -some noticable differences in measured results 
near the peak power ratios. These differences 
with tip speed could be attributable to both 
Reynold * s number and compr ess ib il i ty e f fee t s . 

The predicted results show fair to good 
correlation for the lower tip speed results 
except at the higher velocity ratios. The 
difference between measured and predicted 
results could be due at least in part to the 
Reynold* s number corrections used on the airfoil 
data and/or the accuracy of the test measurements 
and data reduction procedures used for these low 
power output operating regimes (high velocity 
ratio). In addition, the lower tip speed results 
have a measured power ratio data point at a velocity 
ratio of 7 which appears to be slightly incon- 
sistent with the other results. In general, 
when one considers the accuracy of the corrected 
airfoil data used in the analysis, the correla- 
tion as presented is good. 


An application of the analysis to actual 
test conditions to validate the analysis is 
currently being funded by a DOE sponsored contract 
through Rockwell International. Results are 
currently not yet available; however, selected 
results of internal UTRC application of the analysis 


The results of another application of this 
analysis to the UTRC 8 kW wind turbine (Ref. 7) 
are shown in Fig. 10. This figure presents 
measured and theoretical power output versus 
wind speed for data taken onsite on several 
different test dates. The scatter in this data 
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Figure 9. Comparison Between Measured Vs. 

Predicted Wind Turbine Perform- 
ance For Rotor of Ref. 6 

reflects the uncertainty in the measuring 
techniques associated with the fact that the 
actual site wind conditions are unsteady and 
that the wind shear profile is unknown. The 
theoretical results obtained were based on the 
uniform inflow model . The correlation is 
seen to be good except at the high wind speeds 
where the test data shows a distinct variation 
dependent on the particular test day. 



Figure 10. Power Output for UTRC 8 kW Rotor 
System 
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The theory for the UTRC WECSPER Analysis 
has been presented, and selected results of the 
application of this analysis to existing UTC 
wind turbines, model and full scale, have been 
shown. These preliminary results indicate gener- 
ally good agreement with measured test results. 
Discrepancies noted between test and theory may 
be related to the accuracy of the airfoil data 
and/or the accuracy of the test measurements. 
However, extensive validation of the analysis 
will require more data and comparisons to be 
Imade, such as that provided by the DOE funded 
validation activity noted above. 
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QUESTIONS AND ANSWERS 


T.A, Egolf 


From : W . E , Hoi ley 

Q: Is it feasible to compute time varying induced velocity for turbulence inputs? 

As Not with this analysis , The program assumes a quasi-steady flow aerodynamic to 

obtain solutions under "slowly” varying inflow conditions • Turbulence time scales 
are probably too small for application of this analysis , 

From: Anonymous 

Qs Have you attempted to compare your code with other rotor prediction codes such as 
the efficient induction factor method of propeller theory? 

A: The analysis has been correlated in a limited manner with the Goldstein strip theory 

for y,T, applications. For helicopter applications (from which this analysis was 
originally derived) induction methods which do not recognize a wake model with sig- 
nificant wake distortion effects will not yield good performance prediction. For 
wind turbine applications this has not been shown to be the case^ although neglect- 
ing the wake influence at high velocity ratio TQ F/V), may be a dangerous assumption. 

From: W.C, Walton 

Q: Who funds this code development? 

A: The code development and the applications presented were funded internally by UTFC. 

There is a current validation activity being funded by DOF^ through Rockwell Inter- 
national (Rocky Flats), 

From: F.W. Perkins 

Q: Is the accuracy of your analysis significant with respect to uncertainties in the 

yaw response of wind turbines? 

A: The intent of this analysis is to predict integrated rotor performance (C , C ) 

_ Po ■ 

within the operating conditions for which the assumptions used are valid. The ac^ 
curacy of the analysis with respect to small variations in yaw angles is probably 
quite good. The analysis treats the effect of your angle as a reduction in the 
wind inflow. Large yaw angles invalidate the assumptions of the analysis and re- 
quire a more sophisticated analysis (currently available at UTRC), 

From: T.E. Base 

Q: How do you justify using potential flow theories in a shear flow? 

As The treatment of a lifting surface with potential flow models is well justified in 

the open literature for fixed wing^ propeller and helicopter applications , The 
viscous effects in the flow field can be neglected foT most of these applications , 

On the lifting surface^ the specification of a Kutta condition artificially replaces 
the actual viscous phenomenon. In the UTRC WECSFER analysis the Kutta condition 
is handled inherently through the use of actual airfoil data. Other viscous phe- 
nomena such as close blade/vortex interactions do not occur for general HAWT appli- 
cation. 

From: J . Tangier 

Q: On the Hamilton Standard correlation, what was the rotor's Re number and blade 

geometry? Is a model like this adequate for twisted, tapered, blades using a 
constant pitch wake? 

A: The HSD correlation was for taperedy nonlinearly twisted blades using a constant 

pitch wake model. The tip Reynolds number was approximately bOOyOOO, The analy- 
sis will handle most reasonable combinations of twisty taper and variable airfoil 
section types , 
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THE VELOCITY PIErD OF A SYSTEM OF UNSTEADY CYGLOXDAL VORTIGIES 


Bernard J* Young 

Young Energy Systems 
15 Cedar Lane; RFD #2 
Pennisport, MA 02639 


a:^tract 

An essential difference between two- 
dimensional and three-dimensional mod els 
of cycloidal rotors is the presence of im- 
steady trailing cycloidal vorticies in the 
wake. The velocity induced by these vor- 
ticies is the primary mechanism producing 
flow retardation for low span/radius 
ratio^ finite blade ni:imber rotors. An 
idealized rigid wake model of finite blade 
cycloidal rotors is used to investigate 
some cycloidal rotor problems. 


lOTRODUCTIOK 

During the past decade a rekindled 
interest in energy conversion has stimula- 
ted the development of aerodynamic theories 
and numerical methods for analyzing rotors 
whose blades make cycloidal paths through 
the incident stream. Momentum theories 
and vortex theories appear in the litera- 
ture. In the case of vortex theories, 
some noteworthy models of the wake have 
been presented by Holme and by Wilson in 
References 1 and 2. 

Missing from those developments is 
information about the velocity seen by the 
blades of a three-dimensional, finite 
blade number cycloidal rotor as it moves 
about its orbit. Also missing is the 
answer to the question: ”¥hat is the 

optimum orbital load distribution?” There 
is good reason the latter question has 
gone unanswered: the problem is complica- 

ted. In spite of research spanning seven 
decades, no theory or method having engin- 
eering usefulness has emerged for cycloidal 
propulsors. The power of present compu- 
ters may provide the means for pursuing 
this question further; it is hoped that 
this work may be a step in that direction. 


DISGHSSIOH OF THE PROBLEM 

The load distribution on the blades 
of a cycloidal rotor has components due 
to: 

-flat plate angle of attack 
-camber 

-unsteady angle of attack (pitch) 
-unsteady motion normal to stream (heave) 
-circulation induced by bound vorticity 
from other blades 

-circulation induced from shed vorticity 
in the wake. 

Two-dimensional theory can be used to de- 
termine the load due to these components 
once the velocity at each orbital position 
and the character of the wake are determin- 
ed. 


An essential difference between the 
two-dimensional and three -dimensional 
models of cycloidal rotors is the presence 
of unsteady oyoloidal vorticies in the 
wake. The velocity induced by these vor- 
ticies is the primary mechanism producing 
flow retardation for finite and low span/ 
radius ratio, finite blade number rotors. 

It is for this reason that the author has 
chosen to investigate the velocity field 
of unsteady rigid cycloidal vorticies. 

The presence of unsteady bound and shed 
vorticity in the field between these vor- 
ticies is recognized. The computation of 
the velocity induced by unsteady bound 
and shed vorticity is not within the scope 
of this paper. A comparison of the results 
of this paper with the results of the two- 
dimensional method of Mendenhall and Span- 
gler (Ref. 3) shows that the velocity in- 
duced by trailing cycloidal vorticies is 
several times that of the bound and shed 
vorticies ,• 

The wake j.s asaimed to be convected 
downstream at a constant velocity. It is 
further assimed that it does not deform. 
While such assumptions are not as defensi- 
ble for cycloidal rotors as they are for 
helicoidal rotors, it can be argued that 
the induced velocity seen by the blade is 
primarily influenced by the portion of the 
cycloidal vortex filament which is nearest 
the blade. 

The validity of the model invesxjigated 
may not prove useful for the complete 
range of tipspeeds and rotor loadings. 

One would expect it to be valid for very 
low tip speed ratios where the model re- 
duces to a multielement airfoil system in 
rectilinear flow. One would also expect 
it to be valid for lightly loaded rotors. 

It should be less satisfactory for a 
cycloidal propulsor whera a contracting 
wake will cause blades in the downstream 
half of the orbit to cut rolled vortex 
sheets originating in the upstream half of 
the orbit. The expanding wake of the 
turbine should minimize such effects. As 
with many other developments in the theory 
of fluid mechanics, the ultimate useful- 
ness can only be established when the com- 
plete induced velocity field is computed 
(including bound and shed vorticity effects) 
and when correlation with experimental 
data has been acheived. 


THE IHDTTGED VELOGITY 

We have in mind a discrete vortex 
lifting line model of a straight blade 
cycloidal turbine. We seek to evaluate 
the velocity induced at the blades of the 
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rotor by a aystein of cycloMal vorticies 
originating at different spanwise locations 
on the blades. One such vortex filament 
ant the coordinate system for this discus- 
sion are shorn in Figure 1. fhe cycloidal 
curves followed by vorticies trailii^ from 
the i-th blade imder rigid wake assxamptions 
are parameterised in time by: 

x^ = R 003 ( 9 -/ 5 ^’*^) + ut 

y^ = R sin(0-/^-N*rb) 


where the scalar quantity R is the radius 
of the blade orbit j u is a characteristic 
velocity through the rotori 

(i-l)2»/N 

is the angular position of the i-th blade 
of an H-bladd rotor when blade 1 is at 
position 9 - 0;o) is the rotor angular 
velocity; and t is time (less than zero) 
representing conditions which orinigated 
in the past. 

According to the Biot-Savart law the 
velocity induced by a vortex filament is 
given by the following integral: 

V = l/kTf Cp^ ^ 

J 

where P is a the circulation along the vortex 
filament; R is the vector from the point 
(x ,y ,z ) where the velocity is computed 
to°th8 pgint (x^,yj.yZ.) on the vortex fil- 
ament; dl is the unit tangent vector along 
the vortex filament directed away from the 
bound vortex. 

The circulation is a function of the 
spanwise position z^ orbital position 9, 
and blade number i: 

Pi =A(z)Bn cos(n9 -Y^ -H»>b -f J2f^) 

where B^ and 0^ give the variation in 
circulation around the orbit and A(z) is 
a spanwise load function. 

The velocity induced by this system 
has streamwise and sidewise components 
given by the following integrals: 

^ H .0 

iJ?9)“ S'"A{z)R£c/iji^ 
i=l 


APPLIGATION OF THE MODEL 

A straight bladed eycloidal rotor 
having blade span/radius of 4/3 was div- 
ided into ten equal segments. A trailing 
cycloidal vortex system was modeled by 
eleven cycloidal vortex filaments origina- 
ting at the ends of these segments. The 
velocity induced at the midpoints of these 
segments was computed for a local tipspeed 
ratio Ro/u = 2.85. The circulation on the 
segments was taken as the integrated aver- 
age over the length of the segment for an 
elliptical spanwise load distribution. 

The orbital load distribution was cosinu- 
soidal (Bn, 0^ - 0 for n>l). 

The velocity induced at the midpoints 
of the two segments nearest the midspan 
of a one blade cycloidal rotor 
is shown in Figure 2, For the middle 60^ 
os the span the induced velocity is nearly 
constant, PTear the tips it is not for two 
reasons. Firsts the discrete vortex lift- 
ing line model with equal segments does ‘ 
not yield the correct induced velocity 
near the tips. In steady, rectilinear flow 
models the spacing is ususlly modified near 
the tips. Secondly, there is no apriori . 
guarantee that the circulation specified 
will result in the same pitch for the 
cycloidal vorticies that was used in com- 
puting the induced velocities. In fact, 
one must modify the pitch of the cycloidal 
vorticies and the repeat the calculation. 
Such iteration is also required in solving 
the helicoidal rotor problem. The second 
iteration has not been caried out in the 
work reported here. 

Another question arising from these 
results is: ”How do we determine the char- 
act eristic velocity at which the wake 
moves downstream?"' ¥e want, of course, to 
make a choice which gives the most accurate 
results . This question remains open^ but . 
in this work the velocity at 9 = l80^ has 
been used. This is done because we will 
eventually want to use more terms in the 
cosine series for orbital circulation in 
the attempt to produce a more uniform, 
induced velocity in the wake and the a 
more optimal rotor. 


c os ( 9 ) ( z -z Q ) cos ( 9 - ) dt 

+ (y-7o)^ + (z-z^)2|3/2 


^ H o 

■^ 9 )s= --A(z )Rw/47rr cos (9- (z-Zg) (sin(9-Y^+a* ) -u/Rcu)dt 

{(x-Xe)^ + + (z-ZQ)2p/2 

For a straight blade rotor parallel to the 
z-axis wo are not interested in the span- 
wise velocity component. These integrals 
have been evaluated by numerical integra- 
tion. 
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The results in Figure 2 form the 
basis on which the strength of the circu- 
lation and/or the incident stream may be 
varied to produce the local velocity at 
the rotor (u{l80°)) which matches the 
assumed local tipspeed ratio. If both 
are varied^ a range of power coefficients 
is obtained. The largest then would be 
the optimum power coefficient for that 
local tipspeed ratio, or pitch, for that 
orbital and spanwise circulation distribu- 
tion. 

Figure 3 shows'* 1 and 3 blade rotor 
results of varying the circulation and 
adjusting the inflow velocity mitil a 
local tipspeed ratio of 2.85 was acheived. 
These power coefficients are not quantita- 
tively exact since they do not account 
for induced velocities from shed and 
bound vorticity, and are not dorived from 
a completed iteration of spanwise loading 
and wake pitch. They do exhibit qualita- 
tive results showing an increase in obta- 
inable power coefficient with increased 
blade number and show that there is an 
optimal loading for each blade number. 

GONCLUDIHG- REMAJRKS 

This method would be enhanced if 
a fast means of evaluating the induced 
velocity integral were found. Asymptotic 
series and a regression analysis of com- 
puted values seem reasonable approaches. 

The induced velocity components 
for bound vorticity and shed vorticity 
must be included in the analysis* 

The performance computation requires 
modifying the pitch of the trailing 
vorticies so that the wake motion is con- 
sistent with the prescribed inflow condi- 
tions and the induced velocities at the 
appropriate location. An iteration is 
required. 


The results of the inviscid theory 
must be reckonned with the reality of the 
viscous fluid effects. Correlation with 
experimental data is the ultimate test of 
a fluid dynamic theory or method. 

The method should be exercised in An 
attempt at the solution of the optimal 
orbital load distribution problem by in- 
cluding further terms in the circulation 
series. Asstiming we can find the optimal 
load distribution, we must then see if it 
can be obtained by a technically feasible 
lifting surface. 

With minor extensions, this method 
could be applied to curved blade rotors 
of the Darrieus type. This is appealing 
because of the greater number of units 
which exist and the abundant theoretical 
and experimental date which is available 
for comparison. 
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ANaYTICAL STUDIES OF NEW AIRFOILS FOR WIND TURBINES 
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ABSTRACT 

Computer studies have been conducted to analyze 
the potential gains associated with utilizing new 
airfoils for large wind turbine rotor blades. 
Attempts to include 3-dimensional stalling ef- 
fects are inconclusive. It is recommended that 
blade pressure measurements be made to clarify 
the nature of blade stalling. It is also recom- 
mended that new NASA laminar flow airfoils be 
used as rotor blade sections. 

INTRODUCTION 

Studies of new airfoils for wind turbine applica- 
tions are being conducted at Wichita State Uni- 
versity, in cooperation with the NASA Lewis 
Research Center. Current wind turbines utilize 
airfoil sections designed in the 1930 's and 
1940‘s from the familiar NACA airfoil series 
documented in reference 1. Beginning about 1975, 
""computational techniques for fluid dynamic analy- 
sis reached a state of development which permit- 
ted rapid, low cost analysis of airfoil shapes. 
This capability has resulted in a number of 
computer designed low-speed airfoil development 
programs in addition to the recent better known 
transonic airfoil developments. Examples of the 
new low-speed airfoils are documented in refer- 
ences 2, 3 and 4. 

The purpose of cne current studies is to determine 
whether the new airfoils or as yet undesigned 
airfoils offer significant advantages relative to 
the older airfoils for wind turbine application. 

WIND TURBINE PERFORMANCE 

Relationship Between Airfoil Characteristics 
and Wind Turbine Performance 

In order to design a new airfoil for wind turbine 
application, it is essential to understand the 
relationships between airfoil characteristics 
and turbine performance. While it is perhaps 
obvious that high C] and low c^ are desirable, the 
performance sensitivity of the turbine to these 
characteristics is not obvious. 

The performance changes associated with wind 
speed changes for constant rpm can best be under- 
stood in terms of blade section angle of attack 
and section airfoil characteristics. For 
constant rpm operation, blade section angle of 
attack increases as wind speed is increased, as 
shown in figure 1. Thus the initial response to 
increasing wind speed is for blade lift coeffi- 
cient and power to increase. As wind speed con- 
tinues to increase, the angle for maximum lift 
coefficient is reached, and further increase in 
wind speed results in blade stalling, with rapid 
loss of lift and increase in drag, resulting in 
loss of power. Thus blade section stalling limits 
maximum power and the wind speed at which maximum 
power occurs. 


These studies are being conducted utilizing a 
WSU-modified version of the "PROP” wind turbine . 
performance computer code, which utilizes strip 
analysis combined with momentum (Betz theory). 
Earlier studies at WSU used a specially adapted 
version of this computer code to study aileron 
and spoiler control systems as alternatives to 
blade pitch control (ref. 5). The present paper 
is a status report of the airfoil studies, which 
are still in progress. These studies are based 
upon the 125 ft diameter NASA MOD-0 turbine, with 
untwisted blade utilizing the NACA 23024 airfoil 
section. Rotation rate is 33 rpm for all cases: 

Swept Area Distribution and Blade Torque 

Figure 2 illustrates the area distribution versus 
radius for a circle. It serves to highlight the 
significance of careful design of the outer por- 
tions of the rotor blade, since these portions 
sweep through the greatest area. Figure 3 shows 
caiculated torque as a function of radius for 
several wind speeds. Even when tip Toss effects 
are included, (as in the present case) the import- 
ance of the outer portion of the blade in pro- 
ducing power is evident. Thus if new aifoil 
sections for improved power output are to be de- 
signed for only a portion of the span, attention 
must be focused on the outer portion of the blade. 

Parametric Studies of Airfoil Section 
Characteristics 

Parametric variation of aerodynamic characteris- 
tics provide an excellent tool for increased 
understanding of the somewhat subtle relationships 
between airfoil characteristics and wind turbine 
performance. Airfoil characteristics can be 
surtwnarized as follows. Lift coefficient depends 
primarily upon camber and angle of attack. In 
order to obtain good are aerodynamic performance, 
it is necessary to have unseparated flow. The 
camber of the section is the. primary parameter 
which controls the lift coefficient at which 
separation and stalling occur, at least for medium 
thickness sections (10% t/c or more). Section 
lift curve slope is essentially independent of 
camber and thickness. For loV Mach number condi- 
tions, maximum lift coefficient is obtained for 
sections having thickness ratios of about 12% to 
15%. Section drag coefficient depends primarily 
on Reynolds number, thickness, portion of laminar 
flow (if the surface is smooth enough), camber, 
and lift coefficient. 

Section Drag Coefficient Studies 

Figure 4 shows the results of studies of wind 
turbine performance for parametric changes in 
airfoil section drag minimum drag coefficient. 

This figure shovis that doubling the section mini- 
mum drag without changing the lift characteristics 
results in a power loss which is approximately 
constant for all wind speeds, about 16 kW for 
this machine. Reducing the minimum section drag 
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coefficient by 50% results in a nearly constant 
power increase of about 8 kW for this machine. 
These results illustrate that the "parasite power" 
of the turbine is essentially a function of blade 
area and rpm, and is therefore affected only 
slightly by wind speed. 

These preliminary drag change studies were refined 
by calculating the drag changes associated with 
changes in airfoil thickness. Thickness affects 
section drag a$ shown in equation 1 from reference 
6 . 

Cd = Cdt=Q(l + 2 t/c + 60 t/c^) (1) 

This equation was used along with the basic 24% 
thick NACA 23024 data to calculate minimum section 
drag for a 12% thick NACA 23012. This result was 
used to make the computer runs shown in figure 5. 
Decreasing blade thickness to 12% over the full 
span results in a power increase of about 10 kW, 
while decreasing the thickness only from 70% 
radius to the tip results in about 8 kW power 
increase - 

Section Lift Coefficient Studies 

A series of runs were made in which a constant 
increment in lift was added to the standard air- 
foil characteristics. This study is designed to 
assess the importance of blade section camber on 
turbine performance. The results of this study 
are shown in figure 6. For moderate and high 
wind speeds, increasing the lift coefficient pro- 
vides substantial power increases, as expected. 

At low wind speeds (6 m/s and lower), lift coef- 
ficient increments of 0.1 and 0.2 have little 
effect, while Ac-j values of 0.4 and 0.6 show" 
substantial power gains. The gains in power at 
the very low wind speeds are surprising and are 
viewed with some skepticism. As a check on the 
computer results, a theoretical line for Cp = 

.59 (Betz limit) has been added to the graph. 

The computer results which exceed the Betz limit 
are invalid. Detailed printout for these runs 
shows that the slowdown factor (wind velocity 
reduction through the rotor) has not properly 
converged for cases for which the power coeffi- 
cient has exceeded the Betz limit. At higher wind 
speeds, proper convergence in the slowdown factor 
iteration loop has been achieved, and the results 
are accepted with less skepticism. In reviewing 
the results of the drag and lift parametric 
studies, it becomes apparent that increases in 
camber (added c-j ) are very promising. 

Studies of Advanced Airfoils 

To illustrate the potential gains in performance 
associated with advanced airfoils, computer 
studies have been conducted utilizing a new NASA- 
Langley low-speed airfoil designed to achieve a 
substantial portion of laminar flow. This airfoil 
has a high design lift coefficient, and has very 
low drag levels at lift coefficients from 0 to 
1.2. The airfoil has a 15% thickness to chord 
ratio. A constraint on this particular airfoil 
design was to minimize penalties associated with 
loss of laminar flow due to surface roughness. 


This objective has been achieved to a remarkable 
degree, to the extent that with roughness applied 
to the airfoil, no, loss in C^niax occurs, but only 
an increase in drag. 

The appropriateness of selecting a laminar flow 
airfoil for application to wind turbine rotor is 
subject to question. Nevertheless, the authors 
believe that with blade fabrication techniques 
which insure a smooth, hard surface, proper fini- 
shing techniques, and occasional rotor washing on 
low-wind days to remove dirt and insect accre- 
tion, laminar flow can be achieved. The new- 
technology airfoils permit taking advantage of 
laminar flow when possbile, without the fear that 
a dirty or wrinkled blade will create intolerable 
performance penal ti es . 

The predicted performance of the MOD-0 turbine 
based upon the new natural laminar flow airfoil 
is shown in figure 7. The performance gain 
associated with this airfoil seems quite remark- 
able, but are in fact consistent with gains illus- 
trated earlier for similar levels of parametric 
section C] and c^ variation. Even if laminar 
flow is not attained, the performance gains are 
quite large. Unfortunately, the problem noted 
earlier of computer calculation non-convergence 
for low wind speeds is again present. 

Comparison Between Experiment and Theory 

Since the primary objective of utilizing Improved 
airfoils on wind turbines is to achieve perform- 
ance gains, it is essential to have an analytical 
model which is capable of predicting actual per- 
formance with a reasonable degree of accuracy. 
Obtaining accurate experimental measurements is 
complicated by the need to test at full scale for 
proper Reynolds number matching and the problems 
associated with full scale field testing, such 
as: non-steady-state conditions, difficulties in 
obtaining accurage wind speed information, and 
uncertainties associated with generator efficien- 
cies and drive train power losses. 

A new technique for analyzing experimental full 
scale wind turbine data is being developed at 
NASA Lewis. This technique utilizes the method 
of bins for sorting the experimental samples, and 
special calibrations of the wind speed instru- 
mentation from several sensors. This work is 
still in progress, and the results will be 
reported later. It is hoped that these studies 
will provide more definitive measurements of 
shaft power versus wind speed than are presently 
available. 
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Three-Dimensional Stalling Effects 

Himmelskatnp (ref, 7) performed experiments in 
which pressures were measured at a number of 
stations between Wo and 80% span on a rotating 
blade. His experiments (fig. 8) show that 
stalling tends to be delayed over most of the 
rotating blade relative to the two-dimensional 
case. This effect is attributed to centrifugal 
forces acting on the boundary layer flow. While 
Himmelskamp made no measurements beyond 80% span, 
extrapolation of his data Indicates that charac- 
teristics at 90% span would correspond closely to 
the two-dimensional case, and stations from 90% 
to 100% span would have lower stalling angle and 
^Imax two-dimensional case. 

In addition to the changes in stalling angle and 
^Imax which Himmelskamp observed, corresponding 
changes in drag must also occur. Unfortunately, 
Himmelskamp 's drag measurements were not accurate 
enough to use for performance prediction for 
a rb i t ra ry a i r f o i 1 s . 

In order to apply the Himmelskamp data to rotors 
of arbitrary geometry, It was necessary to extract 
a series of generalized characteristics from the 
Himmelskamp data. Parameters selected were the 
ratio of cyj^ax ^Imax stalling angle in 

three dimensions to the stalling angle in two 
dimensions, and a series of parameters to model 
an assumed section drag coefficient behavior for 
three dimensions. The drag model assumes one 
parabolic form for the vs alpha relationship 
prior to stalling, and a second parabolic equa- 
tion for the drag curve from initial spearation 
to full separation. Initial separation angle, 
stalling angle and full separation angle become 
functions of radial station. Modeling the 
relationship in three dimensions then becomes 
rather straightforward based upon modified angles 
for initial separation and stalling. The three- 
dimensional effects are treated as corrections 
to the two-dimensional data, so that the ana- 
lytical model can be applied to any set of two- 
dimensional airfoil data in the PROP program. 

Figure 9 shows predicted performance for the NACA 
23024 airfoil section including the Himmelskamp 
three-dimensional effects. Figure 10 shows power 
predicted for the NASA HOD-0 turbine using the 
Himmelskamp three-dimensional stall prediction 
technique just described. This analysis shows 
that the predicted peak power has increased 
greatly, and now exceeds measured maximum power 
by a substantial amount. The discrepancy is so 
large that it casts doubt on all calculations 
with codes of this type which do not include 3-D 
stalling effects. It is very likely that the 
low-Reynolds number Himmelskamp experiments lead 
to over-prediction of the 3-D effects. Nonethe- 
less, the potential effects are too large to be 
ignored. Even if the actual effects are only 
50% of those predicted, the effects are still as 
large as the possible changes in performance 
between a poor (NACA 23024) airfoil and high- 
performance airfoil. 


Need For Large Scale Blade Pressure Measurements 

Further improvements in power prediction are not 
likely without determining power and wind speed 
with greater accuracy, and/or determining blade 
section stalling characteristics of a rotating 
turbine. Making blade pressure distribution 
measurements of a rotating full scale turbine 
would provide answers to the blade stalling ques- 
tions, as well as providing checks on blade struc- 
tural load prediction techniques, which rely on 
the same analytical models as the performance 
estimates. For these reasons, the authors are 
recommending that an experimental program be 
undertaken to measure pressures at a number of 
blade stations on the MOD-0 machine. 

CONCLUSIONS 

1. Analytical methods such as the PROP code need 
to be improved to provide proper convergence even 
for low wind speed, high section C] cases. 

2. Pressure measurements are needed on a large 
scale wind turbine to understand the nature of 
blade stalling in three-dimensions, and to aid 
in developing improved theoretical models. 

3. Wind turbines should utilize advanced low- 
speed airfoils to take advantage of possible per- 
formance gains which do not add to blade cost. 
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Blade Rotational Velocity 


Fig. 1- Blade Section Angles. 




Fig. 4- Effects of c^q Changes on Wind 
Turbine Performance. 



Fig. 2- Blade Swept Area 
Distribution. 


Fig. 5” Effects of Airfoil Thickness Changes 
on Wind Turbine Performance. 



Fig. 6- Effects ofAc-j on Wind Turbine 
Performance. 
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Fi' 3 . 7- Performance with New Laminar Flow fg) 

Airfoil . 



Fig. 9- Effects of 3-D Stalling on NACA 23024 
Fig. 8- Himmelskamp's Experiments. Airfoil 






QUESTIONS AND ANSWERS 


W.H. Wentz 


Froms A«D„ Gar rad 

Qs Are you aware of Wortmann*s work on laminar airfoils where he covers the section 

with a thin plastic sheet? This "bounces off" insects and dirt but remains smooth. 
This has been used successfully in realistic environmental conditions. 

A: I was not aware of Wortmann^s speoifie work in this area^ hut have understood that 

mater'ials are available which minimize "sticking" of hugs and other substances , 

These same surfaces are cleaned more easily than traditional materials , 

From: G. Beaulieu 

Q: (Related to parametric study) - When you increased did you compute a proportion- 

al increase in induced drag before computing the power output in order to get 
realistic two-dimensional airfoil data? 

A: 1^0* yhile this technique has been suggested by some researchers (I believe by 

Mr , Viterna o f I^ASA Lewis Research Center) ^ I do not believe that it has a 
theoretical basis. The induced velocity factors "a" and "a-prime " as used in the 
PROP computer code serve a purpose similar to calculating downwash on a finite span 
wing. Application of Glauert*s momentum theory accounts for induced power in a 
manner analogous to Prandtl ^ s induced drag factor for finite span wings. If some 
additional correction factor is needed to match experimental results I would 
prefer to identify the factor as an empirical correction rather than obscure it 
as a theoretical correetion^ which it is not. 

From: T . E • Base 

Q: In your figure, "Power - Plow Speed, "do you exceed the Betz Limit with your lami- 

nar flow airfoil section if looked as if there was a 250% increase in performance? 

A: The laminar flow airfoil performance exceeds the Betz limit at low wind speeds^ as 

shown in Figures 6 and 7, At wind speeds below ^ the "a" slowdown factor did not 
converge satisfactorily or exceed 0,5 which implies reverse flow in the far field. 
These (xre the limitations I tried to highlight in the presentation* For moderate 
and high wind speeds ^ convergence was satis factory y and values are well below 
the Betz limit. 

At speeds near cut-in^ performance gains in excess of 100% will be possible 
(infinite y if we reduce the cut-in speed by reducing section ) y but. we need a 
code which will properly converge at these low wind speedy moderate conditions . 

From : A . Smith 

Q: Did you consider radial variations in airfoil, camber, thickness, etc.? 

From: M.P. Moriarty 

Q; PROP has provision only to handle one airfoil section at a time. Have you modified 
PROP to accommodate varying sections and if so, how did you verify the code change? 

A: (to both questions above) . J/e have modified the PROP code so that we can branch 

to different airfoil characteristic subroutines as a function of radial position. 

In this way y it is possible to charge airfoil characteristics as desired. Vie have 
usedy at one timey a special model in which we calculate minimum as a function 

of t/C, Ordinarily y it is necessary to insert the lift and drag characteristics 
of the specific airfoil you desired to study. These coding changes have been 
"verified" in the sense that we have made careful check runs with detailed printout 
at each radial station. From these runs y we check the and versus alpha at 
each station to insure that our airfoil coefficient tables have been properly in- 
put and are being properly called. 
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Wentz (continued) 


From: T.A. Ego If 

Q; Do you feel that for small WECS, improving airfoil performance is worthwhile 
from a Cost of Energy (COE) point of view? 

A: Yes. I am eager to see someone utilize the new airfoil technology on a small unit. 

It would he quite important to obtain accurate comparative performance data to es- 
tablish the performance gains which the PROP code is predicting . One possible cost 
effective way to make such an evaluation ^ is to conduct ^^back-to-back" tests with 
standard and new blades. This should be possible on a small unit without excessive 
cost. 

From; Anonymous 

Q: Is the technology to manufacture these blades presently available? 

A; Manufacturing techniques exist which are capable of providing surfaces , which are 
both smooth enough and hard enough to give large areas of laminar flow^ yet are 
neither highly exotic nor hard to use. Maintaining laminar flow under field con- 
ditions will require periodic cleaning . Whether periodic washing and waxing (?) 
is cost effective is a matter which I believe deserves attention. 

From: D. Cromack 

Q: How does laminar flow affect the start-up (since it is often at such low Reynolds 

number) ? 


A; Even though we have no wind tunnel data for Reynolds numbers corresponding to 

start-up y I see no reason that new laminar flow sections should be a problem. We 
have little or no data on the older (presently used) sections for these conditions y 
and they can be aero dynamically started. I do believe that a legitimate need q 
exists for airfoils designed to operate at Reynolds numbers of less than 1 x 10 y 
for small wind turbine application. 

From: F.W. Perkins 

Q: What is the maximum power coefficient predicted under three-dimensional flow condi- 

tions by PROP? 

A: As indicated on Figures 6 and 7 y for low wind speedsy the computer program predicted 

Cp values in excess of the 6.09 Betz limit. This did not occur for the baseline 
ImCA 23024 airfoil y but was encountered for airfoils with substantial camber (high- 
er C^^s at low angle of attack). In such casesy values of in excess of 1.0 are 
frequently obtained. The paper by Professor Jeng seems to resolve this problemy 
and we plan to upgrade our computer code to incorporate his method. 

From: J. Landgrebe 

Q: Do you really think that laminar flow can be maintained in the real wind environ- 

ment (unsteady turbulent flow) ? 

A: Under highly gusty conditions y laminar flow will not be possible . On the other 

handy some atmospheric conditions and sites will permit periods of laminar floWy 
and the potential gains are attractive enough to pursue. Even if laminar flow is 
never attained with these airfoils y their performance as turbulent sections is 
excellent. Our studies on this matter are not yet complete y but I am having a 
hard time finding a better turbulent flow airfoil. 

From: J. Tangier 

Q: What kind of laminar flow airfoil are you talking about? Do they depend on leading 

edge suction or aft camber? 

A: These airfoils do not require artificial powered suctiony if that^s what you are 

referring to. The laminar flow is achieved through pressure distribution control 
by means of the airfoil shape. 
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W * H , Wentz (continued ) 


From: D»G« Shepherd 

Q; Are the results of your study presently published or must we wait for the proceed- 
ings of this workshop? Please identify any papers already published* 

A: Out earlieT aileron control system studies were -published in reference 5. This 

meeting is the first publication of application of new airfoils to wind turbines , 
Some of the airfoil data developed at the I^ASA Langley Research Center have not 
yet been published in the open literature^ hut I understand the data will be re-- 
leased soon^ at least to U.S* based firms and agencies » 
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ON THE WAKE OF A DAERIEUS TURBINE 


T.E. Base, P. Phillips, G. Robertson and E.S, Nowak 

Faculty of Engineering Science 
The University of Western Ontario 
London, Ontario, Canada N6A 5B9 

ABSTRACT 

In the paper, the theory and ejqperimental measurements on the aerodynamic decay of a wcike from high per- 
formance vertical axis wind turbine will be discussed. In the initial experimental study, the wake 
downstream of a model Darrieus rotor, 28cm diameter and a height of 45.5cm, was measured in the Univer- 
sity Boundary Layer Wind Tunnel, The wind turbine was run at the design tip speed ratio of 5.5. It was 
found that the wake decayed at a slower rate with distance downstream of the turbine, than a wake from 
a screen with similar troposkein shape and drag force characteristics as the Darrieus rotor. The ini- 
tial wind tunnel results indicated that the vertical axis wind turbines should be spaced at least forty 
diameters apart to avoid mutual power depreciation greater than ten per cent. 


INTRODUCTION 

An important aspect concerning the wake of a 
Darrieus rotor, is the interaction of such tur- 
bines in widespread arrays. For the production 
of cheap electrical power from the wind, it has 
been proposed that large wind turbines could be 
placed in ‘clusters’ or 'arrays’. An initial 
study of this problem by R.T. Templin (1974) , 
concluded that if the spacing between individual 
power units was more than about 30 rotor diame- 
ters, the power reduction per machine would not 
exceed 5 to 10 per cent. However, if the spacing 
is further reduced, there is a rapid increase in 
the wake interference. The report treated the 
rotors as an array of large-scale roughness ele"- 
ments added to the terrain surface that was al- 
ready rough, and hence, the individual wakes of 
the turbine rotors were 'smeared out* by the 
large-scale turbulence shear layer, well within 
the average spacing between adjacent machines. 
Since this first paper on the interaction of 
windmills in widespread arrays, several other 
studies have been made, notably by Craford (1975) , 
Lissaman (1977) , Newman (1977) , Built jes (1978) , 
Bragg and Schmidt (1978) , Faxen (1978) , and 
Builtjes and Smit (1978) . 

In general, the development of the vortex wake 
downstream of a Darrieus rotor in the ambient 
boundary layer, may be divided into three re- 
gions. The first region represents the formation 
and rolling up of the concentrated vortex sheet 
shed from the rotating aerofoil blades, and then 
the decay of the coherent wake by vorticity am- 
plification and molecular and turbulent diffusion 
and, finally, a turbulent wake uncorrelated with 
the initial disturbance. For a two-bladed 
Darrieus rotor when the vertical plane of the 
rotor is normal to the flow direction, the lift 
force on the blades is zero. For the time period 
for the rotor to rotate half a revolution, a 
closed vortex system is shed from the blades and 
is convected downstream, changing shape due to 
the mutual interaction, the effect of the am- 
bient turbulent boundary layer, and the ground 
effect. In the case of the two-bladed Darrieus 
rotor, a ’packet’ of vorticity is shed periodi- 
cally. 

The dominant factors involved in the description 
of the motion within the Darrieus rotor wake, 
are the initial properties of the wake, which 
governs the rate at which the wake entrains the 


surrounding atmosphere, and the rate and manner 
in which the entrained fluid is mixed into the 
wake. For example, it has been well illustrated 
(see Olsen, Goldburg and Rogers) that the two 
trailing vortices in the wake of an aircraft wing 
eventually break down to closed vortex configura- 
tions. The wake of the Darrieus rotor starts 
with a closed vortex structure. On the other 
hand, the wake behind a wire screen is already 
very turbulent, and shows very little evidence 
of any initial coherent vortex structure. It can 
be hypothesized therefore, that the wake of a 
horizontal axis wind turbine , which can be com- 
pared to that of an aircraft wing with the vorti- 
ces forming a helix pattern, decays slower with 
distance downstream than the wake from a vertical 
axis wind turbine, when both turbines are tested 
at the same power coefficient and in the same 
turbulent boundary layer. This fact is important 
when discussing suitable spacing of turbines. 

In the report, a vortex model of the near wake 
of the Darrieus rotor, will first be discussed, 
and finally, results of a study made on the simu- 
lation of the Darrieus wake by arrays of Tropo- 
skein shaped grids will be presented. 

NEAR WAKE OF A DARRIEUS TURBINE - VORTEX MODEL 

In the analysis, the Darrieus rotor troposkein 
shape was approximated by straight line elements. 
Since most of the torque is generated by the 
'equatorial* element, the relevant theory will 
be discussed considering this element. In Fig. 

1, a plan view of a typical straight bladed ele- 
ment is shown. The ambient airflow approaches 
from the right, and at the blade, the total velo- 
city is the vector sum of the blade rotational 
speed and the free stream velocity corrected by 
a single inflow or blockage factor. The inflow 
factor takes into account the linear momentum 
change due to extraction of energy by the tur- 
bine. 

Previous theory by Wilson and Lissaman (1974) , 
and also by Base and Russell (1979) showed that 
the inflow factor (a) varied as the turbine soli*^ 
dity (0) and Tip Speed Ratio (Tsr) , so that it 
could be suitably represented by the following 
expression: 

a = a (Tsr) I sin 6| (For 4 <Tsr<6) (1) 

Where 0 is the actual blade angle. By consider- 
ing the geometry in Figure 1, then: 
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= u sin 6 

(U Cos 8 + Ut) 


( 2 ) 


Defining the Tip Speed Ratio and inflow factor by; 


Tsr 5 


Uoo 


and U 5 Uoo(l-a) 


Then: Tan a 


(l~a)Sin 6 
(l-a)Cos 6 + X Tsr 


(3) 


In general, the vOrticity has the same geometri- 
cal properties as the velocity field. The 
streamlines of an ineompressible fluid therefore. 
Correspond to vOrtex lines of the rotational flow 
of which the direction at every point is that of 
the vorti city vector. An element *ds* of a line 
vortex therefore, cannot exist independently and 
the Biot-Savaart Law, for an element of vortex, 
should only be used as "building bricks” for 
more complicated closed vortex loops. 


For the equatorial element X - 1, and also s\3b- 
stituting Equ. (1) into Equ. (3) , then the follow*^ 
ing equation is obtained for the angle of inci- 
dence of the aerofoil: 


Tan ot - 


(l-a(TsR) |sin6 I )Sin9 
[(l-a (TsR) [ sine I ) Cos9 + TsiQ 


(4) 


The aerofoil will experience a lift force whose 
magnitude will depend on the incidence of the to- 
tal velocity vector and this lift force will be 
related to the circulation (F) developed about 
the aerofoil. 


According to Lanchester*s wing theory, line vor- 
tices may be considered to exist within the aero- 
foil. These are the so-called 'bound* vortices. 
However, the bound Vortices for a finite wing 
cannot end in space, but become free trailing 
vortices ending downstream by a transverse vortex 
or the starting vortex, in plan view, the vortex 
array, in its simplest shape, is a rectangle with 
the trailing vortices linking the bound vortex to 
the starting vortex. 

The concept of a line vortex is derived from a 
vortex tube by making the area of cross section 
of a vortex tube very small, while the circula- 
tion strength 'F* remains unaltered. Glauert 
(1946) discussed the line vortex and also the 
equation for the induced velocity at a point P 
of an element of a line vortex at a point Q, which 
is given by: 

<3q = Sin e (5) 

4TTr r 

where F is the circulation defined by j— the 
line integral of the velocity around a closed 
curve *c* and for a potential vortex is constant. 
This is the Biot-Savaart Law. The diagram below 
shows an element of the line vortex where *r* is 
the distance between the field point P and the 
element at Q, and 6 is the angle between the 
direction of the element and the line joining the 
element to the point P. The velocity dq is normal 
to the plane containing r and ds, and its 'sense* 
is the same as that of the circulation *F* of the 
elemental vortex. 



Another expression for the "elemental vortex" is 
given by: 

“ iiP" 

where *h* is the length of the normal from the 
field point (P) to a line passing through the 
vortex line as shown in the Figure. 

In the vortex model of a straight bladed vertical 
axis wind turbine, the aerofoil blade was as- 
sumed to start at 0 - 0 as shown in Figure 1, 
rotating at a speed of 'fi* in a free stream of 
velocity *Uop* to achieve a particular Tip Speed 
Ratio. The lift coefficient of the aerofoil at 
this angle {0=0) is zero, and hence, the first 
shed vortex from the aerofoil has zero circula- 
tion. As the aerofoil rotates, by considering 
the angle of the local flow incidence to the 
aerofoil derived in $ection 3 and the lift- inci- 
dence curve for the aerofoil, the circulation 
of the shed vortex may be determined as follows. 
The circulation is related to the aerodynamic 
lift on the aerofoil element by the Magnus 
effect equation and: 

Lift Force = pUooF dz 
^ 0 

Hence the lift force is given by the expression 
(assuming no tip losses) 

L = pOooFh 

The lift coefficient is defined by the' expression 


Cl 


ch 


Where U«r is the total velocity of flow approach- 
ing the aerofoil and is the vector sum of the 
free stream velocity and the aerofoil blade ro- 
tation with allowance for the blockage factor. 

It can be shown that the aerofoil circulation is 
related to the aerofoil lift coefficient by the 
f ol lowing express ion : 

r - ClcUoo fuTl 
2 (UooJ 

The variation of lift coefficient with incidence 
(a) is also known for the particular aerofoil 
section. Finally by previous theory (Equ. 4) , 
the angle of incidence is related to the blade 
angle (0) , solidity (a) , and Tip Speed Ratio 
(Tsr) . 

and also: = (1-a (Tsr) | Sin9 |)Uoo Sin9 (7) 

Sina 


Figure 2 shows the initial rectangular vortex 
pattern and Figure 3 shows the complete vortex 
model. Further studies on this vortex model are 
currently in progress. 
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TESTS TO DETERMINE THE FAR FIELD WAKE 

The main objective of this escperiment was to 
model the interaction that occurs within a wide- 
spread two-dimensional array of Darrieus wind 
turbines. Figure 4 shows a sketch of a two- 
bladed turbine and some of the essential dimen- 
sions. The two-bladed turbine blades consisted 
of extruded al\nnin; 2 m airfoil section NACA 0012 
which had the necessary high-lift, low drag char- 
acteristics, and were curved in the shape of a 
troposkein cantenary. The centre column served 
as a mounting point for the blades and also 
housed two low-friction roller bearings. This 
whole assembly was then mounted on a centre 
shaft which was braced by wires at the top to 
reduce turbine vibrations. Two vertical axis 
turbines used in the study were geometrically 
identical, being 45.5cm high, 28.0cm diameter, 
and with an aerofoil chord of 2.5cm. This gave a 
solidity which is defined as the ratio of blade 
area to wind turbine area of .36. Since the 
models used were operating with little load, the 
Tip Speed Ratio measured was approximately 5.5. 
The power coefficient for this Tip Speed Ratio 
and solidity was approximately 0.4. An important 
problem encountered when working with small 
models, is that bearing friction will often be 
greater than the power produced, and therefore, 
the windmill will not run. The Darrieus turbines 
used in this study were approaching the lower 
limit of geometric size. It is most difficult 
to construct working models of 2.5cm diameter, 
which would be required in the turbine array 
studies . 

This particular experiment was an attempt to 
determine the spacial requirements for adjacent 
turbines, while allowing for a 10% drop in power. 
This 10% power loss applies to the last windmill 
of the array, so that if there were 10 rows of 
windmills, the windmill in the last row would be 
producing 10% less power than the windmill in 
the first row. In order to determine the power 
loss in a widespread array, it was necessary to 
model a large array, and then obtain velocity 
measurements downstream from the array. The 
power extracted by the turbine, is proportional 
to the velocity cubed, and so by obtaining the 
drop in velocity caused by the wind turbines, 
it was possible to calculate the percentage 
power loss. 

In order to perform the experiment in the Uni- 
versity Boundary Layer Wind Tunnel, with dimen- 
sions 2.4m X 1.8m x 24.0m, it was necessary to 
use very small models in order to obtain an 
array of acceptable size. It was not possible 
to construct working models of 2.5cm diameter, 
so 2.56cm screen discs were used. 

A screen had to be selected, which had a porosity 
such that it would give the same effect on the 
momentum of the wind as the wind turbine itself. 
The following procedure was used to select the 
screen best suited for the experiment. 

The two working models (28cm diameter) of the 
wind turbines were placed in the Boundary Layer 
Wind Tunnel, with one directly behind the other. 


Both were started, and their rotation speeds were 
measured, as the distance between them was varied 
from 4 diameters to 32 diameters. The rotational 
speed was measured with a Strobotac. Since the 
Tip Speed Ratio was constant for this particular 
turbine, the rotational speed ”0)” was directly 
proportional to the wind velocity (Uoo) . 

Seven different types of screens, ranging from a 
very fine mesh to a quite heavy mesh, were then 
substituted for the upstream windnd.il. 

The distance between the screen and the downstream 
wind turbine was then varied from 4 to 32 diame- 
ters. At each position, the rotational speed of 
the down wind turbine was measured. It was then 
possible to select the screen which modelled the 
wind turbine drag, and this screen had a porosity 
of 0.48. Twenty screens, each with a diameter 
of 2.5cm and troposkein shape, were then manufac- 
tured. 

The drag ratio of the screen was measured using 
a small balance that was constructed and calibra- 
ted using a solid disc which had a known drag 
coefficient of 1.17. The drag coefficient for 
the wind turbine was estimated from the power 
coefficient value, and was found to be about .8 
for the range in which the windmill was operating. 
The screen was then mounted on the balance, and 
its coefficient of drag determined to be approxi- 
mately .75. 

The correct screen had now been selected, and it 
had been established by two methods that this 
screen had the same effect on the wind momentum 
as a wind turbine. Therefore, if the 2.5cm 
screen discs were placed in an array, the effect 
on the wind velocity should be similar to the 
effect caused by an array of wind turbines. 

Four sheets of masonite were placed in the tunnel 
and secured to the floor, and the array of screens 
were then placed in the Boundary Layer Wind 
Tunnel. The masonite had holes drilled every 
ten centimeters in each direction., so that the 
size of the array could be varied from 4 diame- 
ters to 36 diameters. In all cases, measurements 
were obtained using an array consisting of five 
rows perpendicular ho the wind flow, and three 
parallel to the wind flow. 

Velocity values were recorded downstream from the 
array as the distance between adjacent windmills 
was changed from 4 to 32 diameters. The velocity 
was measured at the location where the sixth row 
of the array would have been placed. The vertical 
height of the velocity measurements was equal to 
the mean height of the porous screen models. 
Measurements were taken every ten centimeters 
along the horizontal, by using transversing gear 
located in the Boundajry Layer Wind Tunnel. By 
entering the required information into the compu- 
ter, the data was automatically obtained for, a 
sample time of 60 seconds. A hot wire anemometer 
was used to obtain the values of the velocity, 
which were compared to the values of velocity 
when no models were present. The value for no 
models present was obtained from the velocity 
profile which was taken at each location before 
the array was placed in the wind tunnel. The 
fact that the profiles taken at each location 
were similar, was also an indication of the fact 
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that tha turbulent boimdary layer did not deter- 
iorate over the masonite. 

DISCUSSION OF WAKES 

In the analysis of the wake downstream of a 
Darrieus' rotor, two distinct approaches may be 
used. In the near field, the decay may be con- 
sidered to be that of an interacting discreet 
vortex array. For a single two-dimensional vis- 
cous vortex, the circulation (F) decays accord- 
ing to the following equation: 

r = ^ [l-EXP (-rV4Vt)] 

and this would infer that for the vortex wake 
from a turbine, * time' was more important in the 
decay process than distance, although both are 
related by the convection velocity of the vor- 
tices. Batchelor (1964) discussed the axial flow 
in trailing line vortices with application to 
trailing vortices from lifting surfaces. An im- 
portant result of this study showed that the 
axial velocity defect varied as; 

/r, X Co^ , fxul 

(Uoo-u)inax ~ 

Where Co is (27 t) ^ times the vortex circulation 
at large values of radius. For a turbulent wake 
downstream of a circular disc, using the mixing 
length theory (see Schlichting, 1968) , the velo- 
city deficit varies as; 

(U-u) - x"^/3 

Grainger (1966) studied three-dimensional vortex 
flow and approximated the vorticity by an infi- 
nite power series of the form: 

U{x,X) = f(x) 

An interesting solution to the steady flow vorti- 
city equation was then obtained, and in particu- 
lar, the variation of the vorticity at the centre 
line of the vortex was shown to vary in the form 
of the elliptical function of the Weiers trass 
canonical form. One disadvantage of this type of 
solution when applied to the study of the decay 
of a vortex sheet shed from a Darrieus rotor, is 
that the mutual vortex effects which could also 
cause vorticity anplification, have been ignored. 
Another effect also excluded in these studies, 
which is important when considering the turbine 
wake decay, is the ground effect. At large dis- 
tances downstream of the turbine, the vortex wake 
approaches an established turbulence flow state. 
Sforza (1970), Counihan (1971) and Lemberg (1973), 
considered turbulent wall wakes behind various 
shaped obstacles. The main conclusion of these 
studies, was that for a turbulent wake, the centre 
line velocity deficit varied inversely as the dis- 
tance downstream of the turbine (X“^). These 
established results for the decay of wakes, will 
be used for comparison with measured decay rates 
in the following section. 

RESULTS 
Near Wake 

A vortex model describing the flow field about a 
Darrieus rotor was introduced. In the model, the 
flow field was assumed to consist of a regular 
intermittent coherent pattern of finite vortex 


elements, shed from the rotating blades every 
half a revolution. The circulation strengths of 
the vortices in the vortex model depended on the 
turbine parameters, such as Tip Speed Ratio, so- 
lidity, aerofoil blade section, and blade posi- 
tion relative to the incident airstream. The 
vortex model also satisfied Kelvin's theorem con- 
cerning continuity of vortices. Figures 2 and 3 
show typical vortex arrays used in the model. 

In this initial study, it was shown that for a 
two-bladed Darrieus rotor, the vortices shed from 
the 'equatorial' element of the upstream blade 
intersected the downstream blade after 150° of 
rotation, when the rotor Tip Speed Ratio had a 
value of 7T. Further computer studies on this 
vortex model of the Darrieus rotor are planned 
in the future. 

Far Wake 

The first tests were to determine the correct 
screen with a given porosity, to model the 
Darrieus rotor operating at the design Tip Speed 
Ratio of 5.5. Two similar turbines were placed 
in a line parallel to the ambient air flow, so 
that the downstresim turbine was affected by the 
wake of the upstream turbine. The downstream 
turbine was then moved downstream in increments 
of four diameters, and the various rates of ro- 
tation of the downstream turbine recorded. The 
forward turbine was then replaced by troposkein 
shaped screens of different porosity, and the 
rate of rotation was again recorded for the down- 
stream wind turbine. Figure 5 shows the test 
results for the rate of rotation of the down- 
stream turbine when initially a Darrieus turbine 
was upstream, creating blockage, and also with a 
screen with a porosity of 0.48, which was used 
in subsequent experiments placed upstream. 

Tests were now made on an array of 'wind tur- 
bines' modelled by one inch diameter porous 
screens. Figure 6 shows the (3 x 5) array of 
fifteen screens in a square pattern array. The 
velocity measurements were made, as shown, in 
the sixth row. Figure 7 shows a typical wake 
traverse along the sixth row, when the screen 
array spacing was eight diameters. The maximum 
velocity deficit was taken as a measure of the 
wake effect. For example, when- the square 
spacing was eight diameters and the free stream 
velocity 18.9 ft/sec., the velocity deficit was 
4.4 ft/sec. This implied a percentage velocity 
deficit based on the free stream velocity of 
23.3%, and a power deficit of 54.8%. Figures 8 
and 9 show the estimated velocity and power 
deficits respectively, due to the wake effects 
of the five rows of screens, representing an 
array of Darrieus turbines for various square 
spacing, with the measurements being made in the 
sixth row position. Also in Figure 8, the wake 
decay is compared with the wake decay predicted 
by the various theories discussed in the pre- 
vious section. 

CONCLUSIONS 

The theory and experimental measurements on the 
wake of a Darrieus turbine and an array of tur- 
bines were studied: In general, the development 

of the turbine wake may be classified into 3 
regions: The first region consisted of the for- 
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mation and rolling up of the concentrated vortex 
sheet, and then the decay by molecular and tur- 
bulent diffusion. Finally, a homogeneous, fully 
developed turbulent state was achieved far down- 
stream of the turbine. For a two-bladed Darrieus 
rotor or straight-bladed vertical axis turbine, 
when the vertical plane of the rotor was normal 
to the flow direction, the lift force on the 
blades was zero. At any other angle, the local 
incidence of the aerofoil blades at the Vequator* 
for instance, could be calculated by the follow- 
ing expression: 

Tan a = (1-g Tsr |sine|)Slne 

(1-a Tsr |Sine|)Cose + TsB 

For the time period for the rotor to rotate half 
a revolution, a closed vortex array was shown to 
be shed from the aerofoil blades, and was convec- 
ted downstream, changing shape due to the mutual 
vortex interaction and the effect of the ambient 
air flow. 

In the experimental study of the wake far down- 
stream of an array of Darrieus wind turbines, 
represented by troposkein shaped porous screens, 
the results indicated that the 'turbines* should 
be spaced at least forty diameters apart to 
avoid mutual power depreciation greater than ten 
per cent. This predicted value of suitable 
spacing of turbines, compares favourably with 
the analytical estimates of Templin (1974) . 
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NOMENCLATURE 

a interference or blockage factor for vertical 
axis wind turbine 

B number of windmill blades 
c blade chord 

Co vortex circulation times (27T) ^ 

Cl blade section lift coefficient 
d diameter of wind turbine 

r radius of a point in a vortex from the centre 
line or radius of a point on a turbine 

h height of blade element of wind turbine 
t time 

Tgi^ Tip Speed Ratio (QR/Uoo) 

ut total local airspeed relative to blade 

Uoo ambient (approaching) wind velocity 

a angle of attack 

X distance downstream of turbine 

6 angle of blade rotation for vertical shaft 
windmill 

V kinematic viscosity 

p density of fluid 

O solidity (BC/2R) 

Q blade rotational speed or vorticity 
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r circulation 
r 0 initial circulation 
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FIGURE 5 EFFECT OF AN UPWIND DISTURBANCE ON A TURBINE SPEE 
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QUESTIONS AND ANSWERS 


T , E * Base 


From: T.A, Egolf 

Q: Isn't it true that if you reduce your time step interval to a sufficiently small 

At, that the unsteadiness due to the blade impact with the shed vortex sheet is 

significantly reduced, and if unsteady aerodynamics were used, the effect would 
be further reduced? 

A: If the time increment is too shorty the shed vortices from the blade will not he 

formed into a coherent structure . 

From: T. Sullivan 

Q: How do you determine wake position for the near wake model? Are any measurements 

of this wake position available? 

A; The wake is shed from the wing and the subsequent position is determined from the 

induced flow field of the other vortex elements and are free stream^ i,e. 

No. Vortices 
P i=i ^ 

I do not know of any published detailed near wake velocity traces or vorticity dis- 
tributions or flow visualization studies. 
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SANDIAlATIQNAL LABORATOflES^ 
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ABSTRACT 

Experiments contributing to the understanding of the aerodynamics of airfoils operating 
in the vertical axis wind turbine (VAWT) environment are described. These experiments 
are ultimately intended to reduce VAWT cost of energy and increase system reliability. 
They include chordwise pressure surveys, circumferential blade acceleration surveys, 
effects of blade camber, pitch and offset, blade blowing, and use of sections designed 
specifically for VAWT application. 


INTRODUCTION 

It is anticipated that reduction in cost 
of energy for VAWTs can be effected through 
relatively simple departures from the cur- 
rent aerodynamic design. This existing 
design uses blades of symmetrical cross- 
section mounted such that the radius from 
the tower centerline is normal to the 
blade chord at approximately the 40% 
chord point. The departures from this 
configuration are anticipated to 1) lower 
cut-in wind speed, 2) increase maximum 
aerodynamic efficiency, and 3) limit max- 
imum aerodynamic output power. All of 
these effects have been shown to increase 
energy capture for a given basic system 
and/or reduce system cost for a given an- 
nual energy output.^ The airfoil section 
characteristics which would bring about 
these departures are 1) lower section zero 
lift drag coefficient, Cdo> 2) higher max- 
imum section lift-to-drag ratio, H/d)niax 3 
and 3) lower section maximum lift coef- 
ficient, higher drag coeffi- 
cient at which occurs, respectively. 

Mounting the blade at some point radically 
different from the 40% chord point men- 
tioned above would also alter operating 
characteristics. This will allow a torque 
due to the section normal force to contri- 
bute (either negatively or positively) 
to the rotor turning torque. This paper 
describes certain experiments designed 
to both better understand the aerodyna- 
mics of an airfoil section operating as a 
VAWT blade element and bring about some of 
the changes in section characteristics 
already noted. The common goal of all of 
these experiments is to lower VAWT cost 
of energy and increase system reliability. 

EXPERIMENTS 

There are currently six experimental pro- 
grams either currently underway or planned 
for the near future using the Sandi a 5-m 
and 17-m diameter, height- to-diameter of 
one, test bed turbines. These include 
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blade chordwise pressure distribution 
and acceleration surveys, blade cambering, 
blade offset and preset pitch (incidence), 
blade blowing, and the use of blade 
sections designed to operate specifically 
in the VAWT environment. 

Blade Chordwise Pressure 
Di str ibution Survey 

The VAWT blade operating environment is 
a complicated one. A blade element fol- 
lows a circular path through space over 
which both the velocity magnitude and 
direction are constantly changing. A 
blade element may stall and recover 
twice in a single revolution. A blade 
element sees a range of Reynolds numbers 
in a single revolution. Operation at 
very high angles of attack is common. 
Knowledge of how blade forces are pro- 
duced under these circumstances is sparse. 
A program has been designed and hardware 
is being procured to measure blade 
transient surface pressures at various 
chordwise locations as functions of time. 
Taken concurrently with these pressures 
will be local flow angularity and local 
airspeed information. The former will 
be measured with 29 Entran Devices, Inc. 
EPF 200-1 0 semi conductor transducers 
distributed chordwise near the equatorial 
section of one 61 cm chord blade of the 
Sandia 17-m turbine, 18 on both the up- 
per and lower surfaces of the NACA 0015 
section and one at the leading edge. 

The flow angularity and speed will be 
measured with a 1.27 cm diameter circu- 
lar cylinder hemi spheri cal ly tipped 
probe extending 14 probe diameters ahead 
of the equatorial blade section. Blade 
position relative to a fixed compass 
point will be measured by an AST/Servo 
Systems, Inc. 23CX6 synchro. Ambient 
wind speed and direction will be taken 
from a directional anemometer mounted 7 m 
above the turbine rotor. The two direc- 
tional readings will give blade position 
relative to the ambient wind at any given 
instant in time. Using time as a common 
parameter, chordwise pressure distribu- 
tions along with local flow angularity 
and local flowspeed may be constructed as 
functions of tipspeed ratio and blade 
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circumferential location relative to 
ambient wind direction. It Is expected 
that this detailed Information will allow 
Intelligent assessments of what Is hap- 
pening circumferentially locally in the 
generation of aerodynamic blade forces In 
the very complicated VAWT operating en- 
vironment. 

Blade Circumferential Acceleration Survey 

An earlier 17-m experiment Involved a 
limited circumferential survey of the 
blade equatorial section chordwlse ac- 
celerations. 2 This Information proved 
very valuable as it pointed out the exis- 
tence of blade dynamic stall. It was 
noted that a more complete trlaxlal 
blade acceleration survey could be effi- 
ciently run simultaneously with the pres- 
sure survey described above. This sur- 
vey will be taken using ScKaeyltz,* Inc. 
LSMPl (±1 g gravl tatlonal ) 5 LSMP2 (±2 g 
chordwlse) and LSMP25 (±2$ g normal ) 
accelerometers. Accelerations will be 
measured as functions of time and rela- 
ted, as with the pressures, speeds and 
angularities, to tipspeed ratio and blade 
circumferential location relative to the 
ambient wind direction. These accelera- 
tions should prove helpful In evaluating 
the chordwlse pressure data. 

Blade Cambering 

Blade section cambering has the potential 
for altering performance characteristics 
In two ways. The first one Is to tailor 
section characteristics ([£/d]inax» Cj^maxs 
‘^stal]) take advantage of the upwind- 
downwind and advanclng-retreatl ng rotor 
traverses. The upwind flowfleld Is rela- 
tively undisturbed and has the highest 
energy. The advancing portion of the tra- 
jectory has the highest relative airspeed. 
It may be possible to camber a blade ele- 
ment such that maximum efficiency Is en- 
hanced and a lower maximum power Is 
achieved. The second idea Is that a sym- 
metrical blade section operating In a 
curvilinear flowfleld acts like a cambered 
section, this being due to chordwlse varia- 
tions angle of attack stemming from the 
circular trajectory. The Inverse of this 
concept Is to add camber to any blade ele- 
ment (symmetrical or otherwise) such that 
the additional camber conforms to the 
trajectory of a point at the perpendicular 
intersection of a radial line from the 
axis of rotation to the element chord. 

This Is postulated to reduce C^o sind 
therefore decrease cut-in windspeed. 

These two Ideas are essentially Independ- 
ent but are both being Investigated. 

Blades for the Sandia 5-m turbine were 
ordered extruded In the NACA (.85) 515 
section with a 15.24 cm chord. This 
camber would cause the camber line to 
coincide with the trajectory of a point 
at the perpendicular Intersection of a 
radial line from the axis of rotation to 


the equatorial blade element at Its S0% 
chord location. Two sets of two blades 
each were bent to the straight line - 
circular arc - straight line troposkein 
approximation planform, one set with the 
camber concave outward from the axis of 
rotation and one concave Inward. The 
first set was to Investigate the first 
postulate stated while the second would 
address the second. Both blade sets 
were run* but it was found that the per- 
formance differences (from the nominal 
NACA 0015 geometry) measured fell within 
the measurement uncertainties of the 5-m 
data gathering system. In order to 
amplify these differences to dlscernable 
magnitudes, a second pair of blade sets 
were ordered extruded In the NACA (2.34)515 
section. (Although the first blades 
were ordered with a 0.85% camber, they 
were actually extruded to a 1.17% value. 

The 2.34% camber of the second blade 
sets was chosen because It is double 
that of the first. ) 

Blade Offset and Preset Pitch 

Mounting blades of symmetrical cross- 
section with some preset pitch or Inci- 
dence angle (b) can also potentially take 
advantage of the upwind-downwind and 
advancihg-retreating flowfleld differences. 
Computer s1mulations3,4 indicate that g's 
of only a few degrees (< ±5®) lead to 
large changes (up to 25% or so) In peak 
efficiency and peak output power. Vary- 
ing the chordwlse location where the 
position vector from the axis of rotation 
perpendicularly Intersects the blade 
element can also utilize the flowfleld 
differences. The mechanism here is to 
allow blade element normal forces to 
contribute (positively and negatively) 
to the turbine turning torque. Current 
design practice does not significantly 
include these contributions as the chord- 
wise mounting point is very near the 
blade element center of pressure. 

A parametric experimental series Is cur- 
rently being run on the Sandia 5-m tur- 
bine which combines both of these ef- 
fects, It Is Implemented by mounting 
the blade ends on rack-like devices which 
allow the radius vector from the tower 
centerline to normally Intersect the 
blade chord at chordwlse locations of 
between 180% chord behind and 77% chord 
ahead of the blade leading edge in rough- 
ly 13% chord Increments, This range 
corresponds to blade b's at the equa- 
torial plane of -7® to +3® (see Fig. 1). 
Some preliminary results are given In 
Figs. 2 and 3. It can be seen that these 
offsets have a large effect on both peak 
power and peak efficiency. 

A second series of preset pitch experi- 
ments Is also planned. This series In- 
volves pitching only the circular arc 
ortion of the turbine blade. Single 
Inge points located at the 30% chord 
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location at the extremeties of the curved 
portion will be oriented such that rota- 
tion of the curved portion about an axis 
parallel to the tower centerline is pos- 
sible* 

Blade Blowing 

As mentioned previously, maximum rotor 
power is governed by maximum lift coef- 
ficient, Cjtniax* drag associated 

with operation at that condition. This 
may be governed actively as well as by 
the passive means described earlier. 

One scheme for active governing of maxi- 
mum power .is suggested by the fact that 
the hollow extruded aluminum blades when 
rotating act as centrifugal pumps. An 
experiment waiting to be run on the Sandia 
5-m VAWT involves the use of blades into 
each of which have been drilled over 1000 
circular holes of 0.13 cm diameter set 

0.32 cm on center. These holes are 
placed on both sides of each blade at 
the 40% chord point and symmetrically 
distributed about the equatorial plane. 

By valving the ends of the blades, air 
volume flow through the holes may be con- 
trolled. At the maximum rotor power out- 
put operating condition, simple momentum 
and pumping power considerations indi- 
cate an 18% reduction in rotor power. 
Additionally assuming that 60% of each 
blade’s lift is spoiled by this blow- 
ing suggests that the rotor will need to 
be externaily powered in order to maintain 
rotational speed. Actual power loss will 
probably fall some place between these 
two extremes. 

Blade Sections Designed Specifically 
for VAWT Application 

Typical airfoil sections designed for 
aviation purposes exhibit low drag over 
a limited angle of attack range, high 
maximum lift coefficients, and gentle 
stall characteristics. This set of con- 
ditions is far from ideal when consider- 
ing VAWT applications. Recently, attempts 
have been made to design an airfoil sec- 
tion which will exhibit low drag over a 
wider angle of attack range, a lower 
Cjtmaxs 3nd more abrupt stall than those 
sections currently available. Such pro- 
files, when used as VAWT blade elements, 
will lower cut-in windspeed, raise peak 
efficiency, and lower maximum rotor 
power. Drag polars for an 18% thick 
laminar flow section intended to be used 
as a VAWT blade element is shown in 
Fig. 4. For comparison’s sake, similar 
polars for the NACA 0015 airfoil is given 
in Fig. 5. Both sets were generated 
using the Eppler section characteristic 
synthesizer. 5 It is felt that typical 
VAWT flowfield turbulence levels are 
generally low enough that maintenance of 
laminar flow may be reasonably expected. 

It is currently intended to extrude a 
15% thick profile having characteristics 
similar to the ones shown in Fig. 4 for 


testing on the Sandia 5-m turbine some 
time later in this year. 

SUMMARY 

A number of VAWT experiments, planned 
and ongoing, have been described which 
are intended to increase understandi ng 
of VAWT aerodynamics for the purposes 
of reducing VAWT cost of energy and 
increasing system reliability. Along 
with the analytical tools currently in 
use and under development, these experi- 
ments will hopefully provide the basis 
for the next generation of more cost- 
effective and reliable vertical axis 
wind turbines. 
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NOMENCLATURE 



C 

d 


P 


K 


P 


L 

I 

Q 

R 

Re 

V 

op 

X 

a 


Turbine swept area 
Blade Chord 

Blade airfoil section lift coeffi- 
cient = £/(1/2)p^V2c 

Blade airfoil section drag coeffi- 
cient = d/(1/2)p^v2c 

Power coefficient, Qio/(1/2)p^v£As 
Blade airfoil section aerodynaini c drag 

q 

Power coefficient, Qo)/ (1 /2 )p A- (Rw) = 
Cp/X3 

B1 ade 1 ength 

Blade airfoil section aerodynamic lift 

Turbine torque 

Turbine maximum radius 

Chord Reynolds number, p^Rwc/p^ 

Freestream velocity 

Turbine tips peed ratio, Rw/V^ 

Blade section angle of attack 
Freestream viscosity 
Freestream density 
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FIGURE 1. Definition of Blade Preset Pitch and Offset 
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FIGURE 2. Preset Pitch/Blade Offset Rotor Power vs Windspeed, Sandia 5-in 
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FIGURE 3. Preset Pitch/Blade Offset Power Coefficient vs 
Tipspeed Ratio, Sandia 5-m VAWT 
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FIGURE 4. Predicted Drag Polars for 18^ Thick Candidate VAWT Blade Element Section 
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FIGURE 5. Predicted Drag Polars for NACA 0015 Airfoil Section 




QUESTIONS AND ANSWERS 


From; 

Q: 

A: 

From; 

Q: 

A; 

From 

Q: 

A: 

From 

Q: 


A: 


From 

Q: 

A: 

From 

Q: 

A: 


P.C. Klimas 


J.A.C. Kentfield 

Have Sandia Labs, considered mounting a floating (i.e,, trailing out in the wind) 
airfoil around the circular tube tower? This should reduce the tower wake on the 
downstream blade. 

This conee^t has been discussed at Sandia, 

N.H. Hubbard 

Will ypur blade pressure measurements include high frequency pressure fluctuations 
on the blade surface? 

I don^t recall the frequency response specifications of the Entron^ Inc,y EPF 200-10 
semiconductor transducers ^ hut they are sensitive enough to see any fluctuations 
currently considered important. Each pressure will he sampled over a 20 milli- 
second interval. 


Anonymous 

At the beginning of your talk, you said you wanted to decrease C. to move C curve 
to the right. Why? P 


Decreasing 


Max 


^ould lower the curve by reducing output power. 


Since wind 


speeds corresponding to this point occur only for a low percentage of the time 
which the wind blows ^ cost reductions through lowering drive train requirements 
are proportionately greater than losses in annual energy^ thus reducing cost of 
energy for the system, A second COE reduction comes through lowering drive train 
lossesy these being proportional to rated power. 


J, Glasgow 

1) How will you make Transient Pressure Measurements? 

2) Comment in more detail what you expect to get from accelerometers with respect 
to dynamic stall. 

3) Comment on wind speed measurements for Aero Performance Study = i.e. Distance 
Averaging Time, etc^ 

1) Transient pressure measurements will he made with semiconductor type trans- 
ducers which will be sampled for 20 millisecond time intervals , 

2) Hopefully the accelerometer measurements will help in interpreting the 
pressure measurements, 

3) The wind speed measurements will be made by a directional cup anemometer 
located 7m above the turbine rotating tower. Using the well documented site 
wind shear profile the measured speed may he used to determine the ambient 
speed at any desired height, 

: Bill Wentz 


29 transducerS““how many chordwise points will you obtain? How many spanwise? 

The 29 transducers are all at one spanwise location. There are 14 on both the 
upper and lower surfaces and one at the leading edge. 

G . P . Tennyson 

Should you not also consider airfoil cambering as it relates to power optimization 
(or some such) in addition to symme tr ica 1-about- the “arc~of- rotation cambered air- 
foils? 


YeSi this is currently being investigated. 
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P « G e Klimas (continued) 


Prom: Art Smith 

Q: Does increasing pitch narrow down the streamtube thereby increasing power available 

by increasing the velocity at the blade? 

A: InoTeasing -pitch would navvow down the streamtube at some locations hut increase it 

at others. 
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PERFORMANCE QF WIND TURBINES IN A TURBULENT ATMOSPHERE 


R.M. Sundar and J.P, Sullivan 


School of Aeronautics & Astronautics 
Purdue University 
West Lafayette, Indiana 47907 


ABSTRACT 

The effect of atmospheric turbulence on the power fluctuations of large wind turbines 
is studied. The significance of spatial non~uniformities of the wind is emphasized. The 
turbulent wind with correlation in time and space is simulated on the computer by 
Shinozukas method. The wind turbulence is modelled according to the Davenport spectrum 
with an exponential spatial correlation function. The rotor aerodynamics is modelled 
by simple blade element theory. Comparison of the spectrum of power output signal 
between 1-D and S-D turbulence, shows the significant power fluctuations centered 
around the blade passage frequency. 


INTRODUCTION 


One of the considerations associated with the 
integration of large wind turbines into an electri- 
cal network is the fluctuation of output power/ 
torque due to turbulence in the atmospheric wind. 
Information on the statistics of shaft power/ torque 
fluctuations is essential for the design of control 
systems for large wind turbines. 

The effect of one dimensional turbulence (i.e. 
only temporal variations about a uniform mean wind 
over the entire rotor plane) has been studied by 
Frost [Ref. 1] and der Kinderen et al [Ref. 2]. 

The one dimensional analysis shows how the high 
frequency oscillations in power due to the wind 
fluctuations can be attenuated by large rotor in- 
ertia. 

In this paper we emphasize the significance 
of spatial turbulence on large diameter rotors. 

[See Fig. 1.] Observing the wind energy spectrum 
of turbulence in the atmosphere [Ref. 26] we see 
that the predominant energy is at the low frequency 
end. This low frequency is associated with large 
size eddies on the order of hundreds of feet. When 
the rotor diameter approaches the size of these 
eddies, then the effect of the blade chopping 
through this spatial turbulence is to produce fluc- 
tuations in the power output at the rotor frequency 
and its multiples. The study is subdivided into 
two distinct tasks. 

(i) a suitable model to describe the turbu- 
lence in the atmosphere and the simu- 
lation of wind velocities conforming 
to this model . 

(ii) a suitable rotor model to produce the 
fluctuating power output signal with 
the above wind input. 

WIND MODEL 

The objective of the wind model is to simulate 
the turbulent wind components. The model takes 
into account the structure of the atmospheric 
turbulence, and generates a turbulent wind signal 
appropriate to the terrain, the scale of turbu- 
lence and the mean wind velocity. 


A comprehensive survey of the subject of atmos- 
pheric turbulence [Ref. 16,17,18,19,24,25,26,27] 
gives a good understanding of the mechanics of 
turbulence in the atmosphere and also empirical 
equations to describe the structure of turbulence 
close to the ground [13,14]. 

Later we Will show that the horizontal compo- 
nent of wind turbulence makes the largest contri- 
bution to the output power fluctuations. Hence 
our attention is focused on the modelling of the 
horizontal component alone. 


The Davenport Model 


According to Davenport [14] the spectral den- 
sity function for horizontal component is given 
by: 


n S(n) 

C V ^ 

V''m,33 


(Itx") 


2 ^ 4/3 


(i) 


where: x = 4000. n 


n = frequency (Hz) ^ 2 
S(n) = Spectral density (m /s*^ per Hz) 

Vp. oo = Mean Wind velocity at reference height 
of 10m(33') above ground (m/s) 

C.J. = Ground roughness factor (akin to rough- 
ness coeff. for pipe flow). Suggested 
values: 0.0005 for open sea, 

0.050 for Urban area 


The shape of this function [Fig. 2] conforms 
to observed general results of experimental measure- 
ments [Ref. 14]. The value of the constant Cy 
can be adjusted according to the terrain to give 
a model of the atmospheric turbulence at a parti- 
cular site. 

Davenports analysis of recorded data also 
shows that an exponent tal correlation between 
points in space agrees well with experimental 
results. The Spatial Correlation function is 
given by: 
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Cor. = exp(^— ) 

where: V = Wean Wind velocity 

C = correlation constant 


( 2 ) 


Shinozuka has shown that with as low as 50 fre- 
quencies one can obtain a fairly good represen- 
tation of the spectrum. [Ref. 22] This proce- 
dure can be expanded to 3 dimensions as follows: 
[Ref. 21,22,23] 


This function is plotted in Figure 3 for C=6. 
Taking the Fourier transform of this function 
with respect to we get a spectral description 
in terms of the wave number . « 

k = |2L (rads/m ) 

we get therefore, for spatial correlation: 

= a|g>? (3) 

7r(a"(."+k") 

where: a = C (per rn ) 

2irV 


For a complete 3-dimensional simulation of 
the horizontal wind turbulence as a function of 
time and two spatial coordinates Y and Z in the 
plane of the rotor we use the composite spectral 
energy density function non-dimensional i zed by 
mean wind velocity 


N N N 

F(t,y.z) = /2 f )A»Ayk^]^ 

j=l k=l 1=1 ' 

cos(u,.t+ky^y+k^lZ+0.,^l) (6) 

To obtain a good representation of the spectrum 
in the turbulent signal, the values of 
should be large. Direct evaluation of tne above 
function turns out to be extremely time consum- 
ing computation. 

By suitably rewriting the above equation the 
Fast Fourier Transform technique can be applied 
in place of the above triple summation. [Ref. 

23] 

For the present simulation the constants in 
the spectral density function are: 

Mean Wind: 32kmph{20 mph) 

Terrain Roughness Factor = = 0.005 


S( n,k^, k^) ^ 
^M,33 


4.C^. 


aUl . 3 IojI (4) 

(o^u^+k^) (e^u^+ky) 

Where k ,k are the wave numbers corresponding 
to the .separation! lengths in the y and z directions 
respectively, a and B are related to the correla- 
tion constant C. (Note: C could be different 
for correlation in y and z directions). 

Simulation of Wind Velocities 

A very comprehensive method of simulating 
a multi -dimensional multivariate process is des- 
cribed by Shinozuka [21]. A random process is 
simulated by a series of cosine waves at almost 
evenly spaced frequencies and with amplitudes 
weighted according to the spectral energy at the 
wave frequency. 

For the simple case of a random function of 
time with spectral energy function S(o)) the pro- 
cess is simulated as: 


^ 1 

F(t) = ^ [2.S(w.)Aa3]^COs(a).t+0.) (5) 

L J J J 


where: Aoi - % 

N 

(I) = Upper cutoff frequency, above which 
S(w) is practically zero, 
w. = jAw + is randomly small quantity 

^ <Aw/20 is introduced to avoid a peri- 

odic repetition of the frequency w. 

0 = Random phase angle 0<e<2Tr ^ 


Spatial Correlation ^ ^ 

Constants a=e= Q.098 per m(.03 per ft) 

Cutoff Frequency n^= 0.5 Hz 

Cutoff Wave Number = k = 2 rads/m(0.628 rads/ 
fc) (chosen to give a 
grid spacing of 1.5m(5ft). 


After the simulation the turbulent wind data 
is stored as tabulated information. The table 
consists of 512 time planes at 1 sec intervals. 

In each time plane the wind velocities are tabu- 
lated at grid points 1.5m(5ft) apart in both y 
and z directions and covering a total area of 
98x98m(320 x320 ft) in the y-z plane. (64 points 
in each direction) 

Instead of generating the turbulent signal 
as a function of t,y,z by evaluating the triple 
series a table look up is done in the tabulated 
wind data with simple linear interpolation. 

In the present work we evaluate the turbulent 
wind component at different radial stations on 
the wind turbine blade. Interpolation has been 
restricted to between time planes only. For tur- 
bulence at a particular spatial position we choose 
the value at the grid point closest to this posi- 
tion. 

Details of the wind model and computational 
techniques are given in Ref. 30. 

An example of the accuracy of the simulation 
method is shown in Fig. 4 where a comparison be- 
tween the Davenport Spectrum and a spectrum ob- 
tained by taking the Fourier Transform of a one- 
dimensional turbulent signal generated using Eq. 

5, shows excellent agreement. 

AERODYNAMIC MODEL OF ROTOR 


All of the theories available for analyzing 
propellers ^re applicable for analysis of windmill 
rotors [3,4,12,13,14]. Based on the methods 
developed for propellers, the performance of wind- 
mills can be analysed [5,6,8,9,10,11]. Specific 
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method for analyzing the unsteady aerodynamics 
has also been developed [8j9]. The study by Barlow 
[3,4] presents a fairly comprehensive understand- 
ing of the forces on a propeller operating in 
a turbulent atmosphere. As pointed out earlier, 
this analysis can be equally adapted to the wind- 
mill rotor. 

Simple Blade Element Theory 

For the purpose of the present analysis a 
relatively simple model of the rotor is adequate. 
The Blade -element theory is adopted because of 
its simplicity and ease of computation. Instead 
of computing tip loss corrections, and induped 
velocities, .we simply introduced an overall in- 
duced velocity factor. 

The resulting expression for the power de- 
veloped is very simple. Comparison of the results 
from this simple model with that of the Wilson- 
Lissaman program shows that the trend of the 
results is the same. By a suitable choice of 
the induced velocity factor one can attain a speci- 
fic operating point defined by the tip speed ratio 
A and the power coefficient G , for a particular 
pitch setting angle e . ^ 

Although the mode? is very simple, it still 
retains all the nonlinear features of the wind 
input versus the power output. 

In analyzing the effect of wind fluctuation 
on output power we are interested more in the 
fluctuating component of power, than in the exact 
reproduction of the actual power. If one is inter- 
ested in the exact power at different operating 
points the more exact methods detailed above can 
be used. 


Integration of the Wind Model & Rotor Model 

The aerodynamic model of the rotor consists 
of calculating the forces and moments on each 
element of the rotor from the resultant velocity 
at that station. The free stream wind is modeled 
as the sum of the mean wind velocity including 
the effects of wind shear and the turbulence com- 
ponent as generated by the wind model. That is 

V = V (z) + v'(t,y,z) (7) 

In terms of the freestream turbulent wind com- 
ponents u',V and w' the fluctuating power 
coefficient is shown to be (Ref. 30) 

o’' ^ (l+X^x^) 


{^'sine - w'cose + u' Ax}xdx (B) 

U U IT 

8 = ^^t = angular position of rotor 

^ “ tip speed ratio 

U 

From this equation we see the dominance of the 
uj term which is multiplied by A the tip speed 

ratio. 


In the present model we only use the horizontal 
component of wind turbulence and treating the 
free stream wind velocity to be only in the axial 
direction we can easily find the resultant fluctu- 
ating wind input at each point along the rotor. 

As the rotor goes around in space each point on 
the rotor is at different spatial points at 
different times. Knowing the spatial point coor- 
dinates and time, the wind model can generate 
the turbulent velocity which then is added to 
the mean wind velocity to generate the result- 
ing local wind velocity at that rotor station. 

It can be observed, that the output power 
would be fluctuating even if the input wind has 
a frozen turbulence. That is, there is correla- 
tion with respect to space only. An analysis with 
frozen turbulence for a simple element of the 
rotor is presented in [Ref. 30]. 

RESULTS AND DISCUSSIONS 

The aim of the present study is to show the 
important contribution of the spatial non uni- 
formities of atmospheric turbulence on the output 
power fluctuations of a large wind turbine. 

Using the Davenport spectrum and the exponen- 
tial correlation function, with Shinozukas method 
of generating a random signal a complete table 
of turbulent wind data has been generated. 

The next step is to input this wind model 
to the rotor model and analyze the resulting power 
output, in order to emphasize our point about 
the contribution from the spatial turbulence 
effects, we first study the simple one dimensional 
wind turbulence input. 

In Fig. 5 is shown the unsteady power output 
with a one dimensional wind input. It must be 
pointed out here that the power output obtained 
is an ideal one. This is the direct power 
obtained from the aerodynamic forces acting on 
the blade. The inertia of the rotor and the 
flexibility of the shaft have not been considered. 
For such an ideal case observe the exact repro- 
duction of the wind fluctuations in the power 
fluctuation. 

Spectral analysis of the input one dimensional 
wind turbulence and the output fluctuating power 
is shown in Fig. 6. As expected from our obser- 
vation of the time signals the spectra are identi- 
cal in shape. Comparison of - the Davenport spectrum 
of Fig, 3 with the spectrum of the wind turbulence 
Fig. 6 shows that the envelope of the peaks follows 
the Davenport spectrum. Although the simulated 
spectrum shows the correct shape, due to the finite 
length of the generated time signal the spectrum 
is not smooth at the low frequencies. This could 
be remedied by generating a longer time signal. 

To show the effect of spatial turbulence we 
considered three different diameter rotors 30m, 

60m, and 75m (100 ft, 200 ft, and 300 ft). 

The results for the three different sizes 
of rotors are shown in Figures 7 to 9.* For com- 
parison in each case is shown the power output 
with a one dimensional wind input and above it 
the power signal with a three dimensional wind 
input. (By three dimensional we mean the turbu- 
lent wind component as a function of time t, and 
spatial coordinates y and z in the planes of the 
rotor) . 

* All cases are for 2-bladed wind machines at the 
same tip speed ratio ^R = 4.5 
U 
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Observe the high frequency fluctuations caused 
by the rotor chopping through the spatially non^ 
uniform wind. The power spectrum of the time 
signals adequately show the important contributions 
from the spatial turbulence effects. Comparing 
the spectrum of the three different size rotors, 
observe how with increasing rotor diameter, the 
fluctuations caused by spatial turbulence dominate 
over the original Davenport spectrum due to the 
temporal fluctuations of the wind. 

The blade passage is also indicated in the 
figure to show that the spatial turbulence effects 
are concentrated around the blade passage fre- 
quency. 

Conclusion 

The study conducted in the present simulation 
has shown the importance of spatial turbulence 
on performance of Targe wind turbines. This aspect 
of the fluctuations is an important consideration 
in the design of pitch control systems. 

The above study can^ be easily extended to 
incorporate a more sophisticated rotor model, 
like the Wil son-Lissaman program or the vortex 
lattice method. In calculating the power output 
at the shaft the flexibility of the shaft and 
the rotor inertia can be introduced by writing 
the dynamic equilibrium equation for the entire 
rotor system in the presence of the applied aero- 
dynamic torque and the torque load on the shaft. 
Solution of this dynamic equation will then pro- 
vide the necessary shaft torque or power as a 
function of time. This extended model can be 
used to study the influence of rotor inertia and 
the flexibility of the shaft. 

This complete dynamic model can then be merged 
into an overall simulation of a wind turbine power 
generation system as is done in Ref. 28 and 29. 
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POWER SPECTRUM 3-0 
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QUESTIONS AND ANSWERS 


J.P. Sullivan 


From: W.N« Sullivan 

Q: Please comment on the effect of very soft drive trains on the output power spectra. 

A: A simulation of this problem is planned for the near future at Purdue, 

From; Walter Frost 

Q: How is the coherence between frequencies of the wind simulated? 

A: \iith the exponential correlation function exp [- — c == 6 . 

From: F.W. Perkins 

Q: Why does the turbulence seem to drift in a preferred direction, low right to high 

left? 

A: I don^t knoWj but it may be just a figment of color image processing. 
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WIND RESPONSE CHARACTERISTICS OF HORIZONTAL AXIS WIND TURBINES 


R.W. Thresher, W.E. Holley and N, Jafarey 


Hechanlcal Engineering Department 
Oregon State University 
Corvallis, OR 97331 


INTRODUCTION 


equations of the form 


The dynamic response of wind turbines to turbulent 
wind fluctuations has generally been modeled using 
only changes In the streamwlse wind velocity as the 
disturbance which causes the varying aerodynamic 
forces and moments. Often these wind fluctuations 
are thought of, and modeled, as discrete wind 
gusts of specified shape and duration, which occur 
at some average rate. In addition, these wind 
fluctuations usually have been assumed to act uni- 
formly over the entire rotor disk. In terms of 
the designer's needs, these models are used to 
generate design loads and expected control system 
acti ons . 

It was the objective of the work reported here, 
and in the companion paper [1], to take a broader 
look at wind turbine dynamic response to turbu- 
lence, and attempt to ascertain the features of 
turbulence that wind turbines are most sensitive 
to. A statistical description of the wind input 
including all three wind components and allowing 
linear wind gradients across the rotor disk, was 
used together with quasi-static aerodynamic theory 
and an elementary structural model involving only 
a few degrees of freedom. The idea was to keep 
the turbine model simple and show the benefits of 
this type of statistical wind representation be- 
fore attempting to use a more complex turbine 
model. As far as possible, the analysis was kept 
in the simplest form, while still preserving key 
physical responses. 

From the onset of this work, it was felt that the 
results should be validated by comparison with test 
measurements. Due to the three-bladed rigid rotor 
used on the turbine and the limited degrees of 
freedom, comparison v/ith data from one of the small 
systems under test at Rocky Flats would provide the 
most realistic comparison. At this time, the ex- 
perimental comparison is incomplete. 

The Turbine Model 


The wind turbine model is shown schematically in 
Figure 1. Both the rotor and the nacelle are 
assumed to be rigid bodies which move in unison, 
except for the spinning rotor. Due to tower 
flexibility, the nacelle and rotor are free to 
translate in a plane parallel to the ground and 
rotate about the top of the tower in pitch and 
yaw. The yaw angle of the rotor axis is defined 
by the angle, <f>, and the pitch angle by x- The 
lateral translation, U, is in the x direction, 
while the V translation is in the y direction 
along the rotor axis. The rotor spin velocity 
is given by f , where q is the mean rotation 
rate and is some small fluctuation. For the 
case of a turbine with a three-bladed rigid rotor, 
the basic principles of Newtonian mechanics and 
linear, quasi-steady aerodynamics give motion 


Mi .X. . C. . K. .X. = F. .V. 


0 ) 


where Mij, Cjj, K^j and F^j are the turbine system 
inertia, damping, stiffness and wind input coeffi- 
cients. The five displacement coordinates already 
described are Xj, while the wind inputs are Vj. 


The Tower 


The wind turbine tower was modeled as a single 
finite element within which the tower displace- 
ments were expressed in terms of interpolating 
polynomials and the displacements at the top of 
the tower. Then the tower deformation, v(z,t), 
about one bending axis was written in the form 

v(z,t) = P^(z)V(t) + P^{z)x(t) (2) 

where Py and Px are the interpolating functions 
which approximate the displacements within the 
tower. These are conveniently represented as 
cubic polynomials satisfying the necessary bounda- 
ry conditions of a cantilever tower. Using this 
expression for the tower bending displacement, the 
stiffness and mass coefficients may be obtained by 
one of the numerous energy methods. In terms of 
the interpolating functions Py and P^, the gener- 
alized stiffness and mass coefficients for the 
tower may be expressed as 
L 

k.. = / El(z)pv(z)p;'(z)dz (3) 

L 

m.. = / m{z)P.(z)P.(z)dz (4) 

Ij Q I J 


where EI(z) and m(z) are the stiffness and mass 
per unit length as a function of height. For ad- 
ditional detail concerning this technique, the 
interested reader should see Clough and Penzien 
[2]. Although the tower properties a.re the same 
in both bending directions, only one degree of 
freedom was desired for the x direction and there- 
fore rotation of the nacelle about the rotor spin 
axis was neglected. The method of static 
condensation was used to eliminate the unwanted 
degree of freedom and obtain the desired x direc- 
tion stiffness and inertia coefficients as 


>^uu 


= kyv 



/k 


XX 


(5) 


m,,M = niww - 2(k„ /k )m„ +{k„ /k ) m (6) 
UU VV Vx' XX Vx Vx' XX XX 


In addition, the nacelle and rotor inertias add 
directly to the tov/er inertia coefficients, mij, 
to give the turbine system inertias. A detailed 
tabulation of the various terms in the inertia 
matrix is provided in the Appendix. There is also 
a gyroscopic coupling between the turbine 
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pitch and yaw motions • This coupling coefficient 
appears in the damping matrix and is given by 




= 


-C 


x<i> 


(7) 


where I is the total effective Inertia of all the 
spinning mass connected to the turbine rotor. 

Using this simple model the structural stiffness 
and inertia coefficients for a particular wind 
turbine are numerically calculated using a TI-59 
calculator code [3]. 


Aerodynamic Forces 

The geometry of the three-bladed rigid rotor is 
illustrated in Figure 2. The blades are coned at 
an angle ^nd are assumed to be twisted and 
tapered. The angle 0 defines the pitch setting 
as the angle from the plane of rotation to the 
zero-lift-line of the airfoil at the blade tip. 


For this analysis, quasi-static aerodynamics will 
be used to compute the forces acting on the blades 
due to the turbulent wind and structural motion. 
The wind input including turbulence is assumed to 
■be made up of a steady mean wind, V^, plus fluctu- 
ating components, Vi(t), which at any instant are 
constant over the rotor disk and turbulence gradi- 
ents Vi j(t), which vary linearly across the disk. 
Both Vi(t) and Vi j(t) may be thought as disk 
averaged time dependent quantities. This allows 
the wind velocity to be written in a linear expan- 
sion as 



x,x y,x,y ,''x,z 


Vx 


VZyX Vz, 


y.z 



(8) 


where r is the radial position in the rotor disk, 
and Q,t is the azimuthal location. Motivation for 
this particular form for the turbulence and dis- 
cussion of its accuracy is presented in the com- 
panion paper, reference [1]. In this equation 
the mean wind direction coincides with the y axis 
of Figure 2. In addition, the spatial change in 
the y direction turbulence component due to the 
coning has been dropped in the above expression, 
which eliminates the effect of the turbulence 
gradients Vi,y. 

Using the above wind representation and funda- 
mental kinematic relationships provides the rela- 
tive velocity as observed from the turbine blade. 
The relative velocity is made up of contributions 
from the wind, the moving structure and the in- 
duced velocity caused by aerodynamie action. In 
equation form this is 



(9) 


In terms of the displacement coordinates, the rela- 
tive velocity components parallel and perpendicular 
to the rotor disk rotational plane are given by 


= rn/Ra +{r$ + cos{^t[-4)(V^-v^.) - 6V^ 
+ U - a<|)] 


+ sinnt[-x(V^-v^) + 6V^ 

- ax]}/Rn 

VyRQ = + {5Vy+ cosQt[-6Q6V^ + rx] 

+ sinOtlB^CO-SV^) 

- r^]}/RQ (10) 

where the fluctuating part of the wind turbulence 
has been written as 6Vj to shorten the expressions. 
These expressions have also been linearized assum- 
ing small displacements, and wind fluctuations; 
however, in some places the product of the static 
coning angle and the wind fluctuation were retained 
because of interest in their effect. 

Referring to Figure 3, the aerodynamic forces 
parallel and perpendicular to the rotor plane may 
be written as 

dA^ = i pa' c d5{-nvj - ev^v^ + (l-n/2)vj} 

(n) 

dA^ = i pa' c d?{-8vj + (l+n)V^V^ - eV^/2} 

where the lift and drag for a blade element have 
been calculated using the static formulas with the 
instantaneous velocities. In the above expressions 
a' is the slope of the sectional lift curve 
dCL/da, c is the local airfoil chord, n is the 
ratio CoQ/aV, and p is the air density. 

Using the wind input of Eq. (8), together with the 
velocity expressions of Eq. (10) and substituting 
into the aerodynamic force relationships gives 

dA = 1 pa ’c. (Rfi)^Rdx{A'-B‘ [f +f cosQt+f sinJ^t 

^ 1L 0 C 5 

+f^2^o^2I2t+f^2Sin2^2t] 

+8’ [g^+g^cos{^t+g^sinQt 
+g^2^os2Qt+gs2S i n2^^t] } 
dA^ = j pa‘c^(R^)^Rdx{D'+E' [f^+f^cosQt+fgSinat 

+f^2^®s2f2t+fs2Sin2^^t] 

+F* ig^+g^cosQt+ggSinnt 

+g^.2^os 2f^t+g^ 2 ^ ^ n2<;^t] } (12) 

where the primed quantities are the aerodynamic 
constants 

A'(x) = [(l-*ri/2)X^-x(rix+eX)]c/c^ 

B‘(x) - [2nx+ex]c/c^ C‘(x) = [(2-n)X-ex]c/c^ 
D'(x) = [O+n)Ax-0(x^+x2/2)]c/c^ 

E’(x) = [(l+n)x-2ex]c/c^ 

F‘(x) = [(l+n)x-X0]c/c^ (13) 

with X = r/R = (h-i-^)/R, X = (V -v.)/R^» and c. is 
the chord at the rotor tip. Note^that both the 
pitch setting, 0, and the blade chord, c, may be 
functions of x. In the above force equations the 



subscripted f and g variables are combinations of 
the wind inputs and response variables and are de- 
fined as follows: 



rCf + r^y)m 
-()iX+(-V^ + 0 - aJ)/Rn 
-xX+CV^ - ax)/Rn 
-r y^/Rfl 

i^'^z.z - \,K^ 

(Vy - ^ - '"eo^zx)/R« 

(rx + 

(So(0 - vp-rj + rVy^j^)/Rfi 


9c 2= “ ^0 ^s2 

^s2 " ^0 ^c2 


^zx 2^^z,x ^ ^x,z^ 


'zx 


¥\z * *«,k1 


(H) 


The second wake model was called the "equilibrium 
wake." For this model, the axial fluctuations in 
wind velocity are assumed to occur so slowly that 
the induced velocity is the steady state value for 
the instantaneous wind speed. In this situation, 
the axial flow will be not only time varying but 
nonuniform, because of the inclusion of the fluctu- 
ating wind gradient terms in the turbulence model 
of Eq. (8). These gradients could be thought of as 
slowly changing wind shears of arbitrary orienta- 
tion, since their effect on the wind turbine 
would be similar. To obtain an approximation for 
the induced velocities of this "equilibrium wake," 
the "semi-rigid" wake model discussed by Miller 
[5] was used. Miller shows that the effect of 
including the induced velocity due to the nonuni- 
form flow is to reduce the lift by a factor re- 
ferrred to as the "lift deficiency" function. 

For this analysis, assuming small velocity changes, 
the lift deficiency function was approximately 

^d(x) ■ 1+T^P (x)/x(2X-A^} 

where A = V /RH and t. = 3a*c,/8irR. In addition, 
the azimuthal change in the inSuced velocity dis- 
tribution led to a change in the in-plane aerody- 
namic coefficients B'(x), where the change was 

AB*(x) = t^[B'(x)F'(x)+C'(x)E'(x)]/ 


To obtain the aerodynamic coefficients for the 
total forces acting on the rotor hub, the appropri- 
ate components of the blade element forces, Eq. 
(12), are summed over the three blades and inte- 
grated with respect to radius for a specified In- 
duced velocity distribution. This gives the net 
thrust, torque, horizontal and vertical forces, 
and the yaw and pitch moments, which are to be 
added to the structural terms resulting in the 
final equations of motion, Eq. (1). A detailed 
list of these equations is provided in the 
Appendix. 


{x(2A-X^)} (16) 

Because this change is small, it was tempting to 
neglect it, but all of the in-plane forces are 
small so it was retained. Finally, the wind 
fluctuations in the axial direction V , V and 

V are associated with a change in momentum in 
tnS^streamwIse direction which, for the assump- 
tions of this wake model, change the equilibrium 
thrust. This added lift factor is approximately 

= 1 + X/(2X-Xj^) (17) 


The Induced Velocity 

The aerodynamics of wind turbines involve highly 
complex flow phenomena, which require rather 
sophisticated theories in order to obtain accurate 
predictions. However, some fairly simple theories 
making relatively crude assumptions can often give 
reasonable estimates and generally can give excel- 
lent insight into the physical phenomena of inter- 
est. In this case two different wake models were 
used in an effort to gain insight into the signi- 
ficance of changes in the induced velocity field 
on wind turbine response to turbulence. 

For the first wake model, the induced velocity was 
computed using blade element theory following the 
approach of Wilson [4], and performing a momentum 
balance neglecting wake rotation. This provided 
the induced velocity as a function of radius, 
under the assumption that the rotor axis was per- 
fectly aligned with the wind direction. After 
the induced velocity distribution was computed 
for a given mean operating condition, it was as- 
sumed to be constant and independent of turbu- 
lent wind fluctuations. This model was named 
the "frozen v^ake model." 


To incorporate these effects, the aerodynamic 
coefficients BV(x), C'(x), E'(x) and F'(x) of 
Eq. (13) were modified in the following manner to 
obtain the "equilibrium wake" coefficients: 

Bg(x) =X£|(x){B' (x)+AB' (x)} 

C;(x) =JCd(x)C'(x) 

E;(x) =Je^(x)E'(x) 

Fg(x) 

Cgy{x)=Xd(x)Xg(x)C' (x) 

F;y(x)=<Kd(x)3fa(x)C'(x) (18) 

where the two coefficients Cey and F4y are speci- 
fically associated with the wind fluctuations Vy, 
Vy,z and Vy^x* aerodynamic coefficients A'|x) 
and D*(x) are related to the mean thrust and torque 
and are thus unaffected by wind fluctuations. 
Computationally, the influence of the wake model 
can be observed by changing the primed aerodynamic 
coefficients in the blade element force relation- 
ships Eq. (12). 
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Although Doth of these wake models were useful 1n 
developing an understanding of the influence of 
the induced velocity distribution on machine 
response to turbulence. It is unclear whether 
either mddel accurately approximates the real 
distributions and future work is needed to 
evaluate the effects of unsteady wake aero- 
dynamics. 

State Space Equations 

The equations of motion Eq. (1) can be written in 
matrix form 

[M]{X}+[C]{)1}+CK]{X} - {Q^}+[F]{u} (19) 

where 


{X} = (U,V,(|),XjT^) - displacement coordinate 
(0,T,0,Q,0) = steady state 

= wind inputs 
^ ^zx ^zx 

^r ^ ‘^zx ^zx 


Furthermore, it is possible to model each of the 
nine turbulence inputs using a set of stochastic 
differential equations of the form 


iu} = [A^Ku} + [B^]{w} (20) 

where the components of {w} are white noise of 
equal power spectral density, [B,^] is the white 
noise input distribution matrix which is diagonal. 
The [A,^] matrix is diagonal except for two ele- 
ments 


"ii 

m 

9 

dyy 3^2 

-3^^ ags 
^99 

which arise as^a result of the sinSJit and cos3J^t 
in the e and y wind inputs. A more detailed 
presentation or the wind input model is pre- 
sented in the companion paper [1], 


= 


Discarding the steady terms, it is convenient to 
transform the equations of motion given in Eq. 
(19) to the state space form, so that they are 
written as a set of first order equations similar 
to the turbulence inputs of Eq. (20). To further 
facilitate the computation of results, the state 
space form of Eq. (19) can be augmented with the 
turbulence inputs, Eq. (20), to form a single 
system of equations with white noise as the 
driving input. The five turbine displacements 
and their derivatives together with the nine 
turbulence inputs will form the state vector for 
this augmented system. The governing equations 
can then be written 


{x} = [A]{x} + [B]{w} 

{y} = [c]{x} (21) 


where 

'{xf 


'[0] 

[I] 

[0] 

{x} j 


^ [A] = 


-[M]‘[K] 

1 — 1 
1 ( 

1 



JO] 

1 1 

O 
i — 1 

J 


[B] = 


[ 0 ] 


{y} 


=■< 


4 

Mx 
PoweH 

Itx} j 


outputs 


:[C] = 


[K] [0] ' 
(oo...acg...o) 
. [I] 


= response matrix 


With this formulation it is a relatively straight- 
forward numerical procedure, to determine the com- 
plex eigenvalues of the A matrix and then to com- 
pute the modal matrix, which is made up of the 
associated eigenvectors. The modal matrix can then 
be used to decouple the equations of motion, so 
that transfer functions between any of the nine 
white noise inputs and any output, y-j , may be 
easily computed. These transfer functions account 
for differences in the energy level for the turbu- 
lence inputs, {u}, so that a comparison of the 
transfer function magnitudes provides a direct 
estimate of relative importance. The final re- 
sult uses the central equation from random 
vibration theory, which states that the spectral 
density for any of the outputs {y} will be given 
by 

{SyM) = {s„(u.)} 

for uncorrelated inputs, where {5y(to)} is the ^ 
spectral density of the outputs {y}, [|Hyw(w)r] 
is the matrix of the transfer functions magnitude 
squared and {S^(o3)} is the spectral density of the 
white noise driving inputs, which are all equal. 

Results 


To determine the influence of the turbulence in- 
puts modeled in this work two wind systems of 
vastly different size were examined. The smaller 
machine, called the Mod-M, was an 8 kW turbine, 
with a three bladed rotor located downwind of the 
tower, and designed for free-yaw operation. The 
specific characteristics are as follows: 
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System Frequencies: 


Mod-M 


Rotor Characteristics: 


1st Bending (fore-aft) 
2nd Bending (fore-aft) 

Rotor Radius 

16.67 ft 

1st Side to Side 

Blade Chord (constant) 

1.5 ft 

2nd Side to Side 

Coning Angle 

3.5° 


Blade Twist 

0.0° 

Aerodynamic Properties: 


2.75 rad/s 
12.8 rad/s 
2.9 rad/s 
9.5 rad/s 


System Frequencies: 

1st Bending (fore-aft) 
2nd Bending (fore-aft) 
1st Side to Side 


Lift Curve Slope 
Drag Coefficient, Cpn 

15.1 rad/s Stall not Modeled 

53.1 rad/s 

15.9 rad/s Operating Conditions; 


5.73 

.008 


Aerodynamic Properties: 

Lift Curve Slope 5.7 

Drag Coefficient, Cp^ .02 

Stall not Modeled 

Operating Conditions Used: 


Wind Velocity (mean) 

16.63 

MPH 

Rotor Speed (mean) 

73.35 

RPM 

Pitch Setting (to ZLL) 

3.0° 


Turbulence Length Scale 

300 

ft 

Rms Turbulent Intensity 

2.03 

ft/s 

Approximate Output 

6 

kW 


Selected analysis results for this situation are 
shown in the power spectral density plots of 
Figures 4 through 6. The figures clearly illus- 
trate the difference in response for the two wake 
models. For forces and moments which are highly 
dependent on the streamwise velocity such as 
thrust, the equilibrium wake assumptions give a 
larger response, as shown in Figure 4. This 
figure also indicates a significant response at the 
two system fore-aft bending frequencies. Figure 
5 shows the yaw response, while Figure 6 gives 
the pitching moment response. These two figures 
indicate the degree of coupling between pitch and 
yaw for this free-yaw turbine. Notice that as 
the yaw response increases, there is a correspond- 
ing increase in the pitching moment. Figure 6 
also shows a small response peak at 3^2, which is 
the result of the sin3^^t and cos3Qt in the and 
Tr Inputs. 

The second wind system to be analyzed in this 
study was a large turbine called the Mod-G. The 
Mod-G was 2.5 MW turbine with a three bladed rotor 
located upwind of the tower, and was designed for 
fixed-yaw operation. The specific characteristics 
of this system are: 

Mod-G 


Rotor Characteristics: 

Rotor Radius 

Blade Chord (linear taper) 


Coning Angle 
Blade Twist (linear) 


150 ft 
7.74 ft 
at hub to 
3.15 ft 
at tip 

40 


Wind Velocity 20 MPH 

Rotor Speed 17.5 RPM 

Pitch Setting at tip -6.2"^ 

Turbulence Length Scale 500 ft 

Rms turbulent intensity 2.44 ft/s 

Approximate Power Output 1 .1 MW 


Figures 7, 8 and 9 shows some typical results for 
the Mod-G. As was the case in the previous plots, 
the system frequencies are easily identified. 

The primary objective of this work was to identify 
the features of turbulence which are most important 
in wind turbine design. In an effort to focus on 
these key features, the response at specific sys- 
tem frequencies was broken down into fractional 
contributions from each turbulence input. The 
most significant results of these calculations 
are tabulated in Tables 1 and 2. 

From these results it would appear that the most 
important inputs are the three longitudinal turbu- 
lence terms, and in some instances, the two In- 
plane shear terms which have an effective fre- 
quency of 3Q. An alternate means of presenting 
this same information is to plot power spectral 
density curves for the various outputs using only 
the turbulence input Vy, and then adding the two 
gradients Vy x 

Figures 10 through lb for the outputs previously 
presented. As can be seen from these figures, 
a major contribution to the machine excitation 
is lost if the turbulence gradients are not in- 
cluded. However, neglecting the and Cy, appears 
to have only a local influence around the frequen- 
cy 3Q. 

Conclusions and Recommendations 


On the basis of the work done in this study, the 
longitudinal turbulence input, Vy, and the two 
gradients, Vy^x snd Vy,z are of equal importance 
when computing the dynamic response of wind sys- 
tems, and these three inputs together comprise 
the major excitation source for horizontal axis 
wind turbines. Because of the simplifying assump- 
tions and approximations used in this analysis, 
it is imperative that the results and the tech- 
nique be validated with experimental data, prior 
to use for design. 
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PSD OF YAW ANGLE 




Figure 4, floo-M power spectral density plot of thrust, Figure 6, Mod~M power spectral density of pitch moment. 


ERRATUM; The power spectral densities 
shown in Figures 4-15 are incorrectly 
plotted. The ordinate, Psd, should be 
Increased by exactly a factor of TO to 
be correct. 




Figure 5. f1oD-*M power spectral density of yaw angle. 0 . 


Figure 7. Mod-6 power spectral density of thrust. F^. 
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PsD OF SIDE FORCE 




Figure 8. Mod-G power spectral density of side force, F^. Figure 10. The effect of the gradients 

THRUST FOR MOD-M USING THE EQUILIBRIUM WAKE. 


ERRATUM: The power spectral densities 
shown in Figures 4-15 are incorrectly 
plotted. The ordinate, Psd, should be 
increased by exactly a factor of 10 to 
be correct. 




Figure 9, f^oo-G power spectral density of yaw moment, Figure 11. The effect of the gradients ^ ^ z 

ANGLE FOR MOD-M USING THE EQUILIBRIUM WAKE. 
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PSD OF SIDE FORCE -n PsD OF PiTCH MOMENT 



Frequency ^ rad/s Frequency rad/s 

IGURE 12, The effect of the gradients ^ ^^gure W. The effect of the turbulence gradients 

MOMENT FOR FIOD-M USING THE EQUILIBRIUM WAKE, ON THE THRUST FOR THE MoD-fi USING THE EQUILIBRIUM 

WAKE. 

ERRATUM: The power spectral densities 

shown in Figures 4-15 are incorrectly 
plotted. The ordinate, Psd, should be 
increased by exactly a factor of 10 to 
be correct. 



Frequency ^ rad/s Frequency ^ rad/s 

Figure 13. The effect of the gradients side Figure 15. The effect of the gradients ^ ^y.z 

force for the fiOD-G USING the EQUILIBRIUM WAKE, MOMENTS FOR THE M0D~G USING THE EQUILIBRIUM WAKE. 


95 



Table 1. Fractional response contributions of the turbulence inputs for the Mod-M using the 
equilibrium wake. 


Response/ Input 







Other 

Frequency ^ 0 

Side Force, Fx 

.0 

.96 

.0 

.0 

.0 

.04 

Thrust, Fy 

1.0 

.0 

.0 

.0 

.0 

.0 

Pitch Moment, M 

.0 

.82 

.12 

.0 

.0 

.06 

Frequency =15.1 (1st Bending) 
Side Force, Fv .33 

.07 

.56 

.0 

.0 

.04 

Thrust, Fy 

.75 

.06 

.18 

.0 

.0 

.01 

Pitch Moment, 

.70 

.07 

.22 

.0 

.0 

.01 

Frequency = 3Q = 23 

Side Force, F„ 

.0 

.02 

.69 

.14 

.13 

.02 

Thrust, Fy 

.32 

.08 

.52 

.04 

.04 

.0 

Pitch Moment, M 

.0 

.11 

.77 

.06 

.06 

.0 


Table 2. Fractional response 
equlibrium wake. 

contributions of the 

turbulence inputs 

for the Mod-G 

using the 

Response/Input V 

y 





Other 

Frequency - 0 

Side Force, F^ 

.0 

.06 

.92 

.0 

.0 

.02 

Thrust, Fy 1 

.0 

.0 

-.0 

.0 

.0 

.0 

Yaw Moment, M^ 

.0 

.97 

.0 

.0 

.0 

.03 

Pitch Moment, 

.0 

.0 

.97 

.0 

.0 

.0 

Frequency = 2.76 (ls.t Bending) 

Side Force, Fx 

.90 

.02 

.07 

.0 

.0 

.01 

Thrust, Fy 

.77 

.0 

.22 

.0 

.0 

.01 

Yaw Moment, M^ 

.77 

.01 

.21 

.0 

.0 

.01 

Pitch Moment, Mx 

.76 

.0 

.23 

.0 

.0 

.01 

Frequency = 3^2 = 5.5 

Side Force, Fx 

.01 

.36 

.07 

.27 

.27 

.02 

Thrust, Fy 

.06 

.05 

.42 

.22 

.24 

.01 

Yaw Moment, M 2 

.01 

.29 

.0 

.35 

.34 

.01 

Pitch Moment, M 

.0 

.05 

.45 

.23 

.25 

.02 
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APPENDIX 


Governing Equations: 



L'“ J 

Inertia Matrix ^ 

Mn = m,, + nin + ; Mi 3 = Mgi = -(m„ + m^)q 

M 22 = ^22 + % ; M 24 = ^24 ^ M 42 ; M 33 = ni33 + 

Myi/i = m,y, + I „ ; Mcc = I ; m = mass of rotor ; m„ = mass of nacelle 

H -4 XX DO r r n 

q = distance from Cj_ tower to nacelle-rotor C.G. ; Ixx lyy = mass moment of Inertia of nacelle- 
rotor system about x and y axes ; I^ - rotor effective spinning inertia ; mi j = tower inertia 
coefficients of Eq. (4), where for a uniform cantilever tower, 

m^^ = 99 m^/420 , m 22 = 156 m^/420 , m^^ = 22 m^L/420 

2 

m^^ = » '^44 ^ \ ^ polar Inertia 


uamping Matrix 

Cn = 3f(BQ+eQFQ)/2Rf2 ; 0^3 = -3f(aBg+3gF^ )/2J2 ; = -3f (C^+aSQEQ)/2S^ 

C22 = SfF^/RSi ; C25 = -3fE^/n ; 03^ = -3f ($Q{F^+B*}+a{Bjj+3oF^})/2i;2 

C 33 = 3fR({F2+6QaB^}+a{aBQ+3QF^})/2fi ; € 3 ^ = 3fR({E^a+SgC*}+a{Ci+a3QEQ})/2fi+I^fi 

C 41 = 3f({E,+32cf}+a3o{C^+Eo})/2Q ; 0^3 = -C 34 ; = C 33 

Cg2 ~ 3fC^/J2 ; Cgg = SfRB^/f^+Cg ; = Generator torque coefficient 

Stiffness Matrix 

K 11 = kii ; K-j 2= -3fG^/2 ; ’ %2 "" *^22 ’ ^24 " *^24 

K33 = k33 + 3 fR( 3 ,Gf+aG „)/2 ; K34 = 3 fR(Hi+ 3 oaH ^)/2 ; K^2 = K24 
K 43 = -K 34 ; K 44 = k ^4 + 3fR(3oG*+SGjj)/2 

where kij = tower structural stiffnesses from Eq. (3), and for a uniform cantilever tower kii = 3EI/L^ ; 
k22 = 12EI/L3 ; k24 = SEI/L^ ; k33 = GJ/L ; k44 = 4EI/L 
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wind Input Matrix 

= 3f(ejj+SoFo)/2Rn ; F^3 = -3fBo(Cjj+E^j)/2Rn ; F^^ = -3f6/,/2n 
F^5 = 3 fG^/ 2 Q ; F^^ = - 3 f 6 ^(C^-E^ )/2n ; F^g = - 3 f(-B^+ 6 ^F 3 )/ 2 Q 
T = 3 fD^ ; Fgg = 3 fFg/Rn ; Fgg = 3 fE^/fi ; Fgg = - 3 fF^Bg/n 
h] ' -3f(eo{Fi+B|}+a{Bj,+BoF^})/2J2 ; F 33 = 3f({E^+BQC*}+a8Q{C^+EQ})/2n 
F3^ = 3fR(F2+BoaF^)/2n ; F35 = -3fR(BoC*+aC^ )/2fl 

F 37 = -3fR{{E2-BpC|}-aBg{C3-E^})/2n ; F 3 g = 3fR(Bg{F2-B|}+a{-B^+BQF^ })/2S2 

''41 " “"bb ’ ''43 ■*'31 ’ ''44 ° ''35 ’ ''45 " ■''34 ’ ''47 ° ■''38 ’ ''48 ' ''37 

Q = 3fRA^ ; Fgg = 3fC^/n ; Fgg - -3fR 82 /^ ; Fgg = -3RB 02 /^ 

12 

where f = j pa‘Rc^(Rf^) . The single subscript capitalized coefficients through are integral aero- 
dynamic coefficients of the form 

n 

A - / A'(x) dx where n = 0 , 1,2 
h 

with A' through F* defined as given in Eq. ( 13 ) for the "frozen wake" or Eq. ( 18 ) for the "equilibrium 
wake". In addition, G'(x) = XBV(x) and HV(x) = AE'(x), while the coefficients with stars are Bf^^Bp-fiBn-i , 
Cj^=Cn-fiCn-l and G^=G^-RGn-l > and R=h/R, a=a/R. 
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QUESTIONS AND ANSWERS 


R.W, Thresher 


From 3 B.J. Young 

Q: Your results show a substantial excitation which is continuous down through zero 

frequency, while J.P, Sullivan's results were zero at zero frequency. Any comment 
on differences? 

A: Professor Sullivan used the Davenport model for the horizontal component of wind 

turbulence which vanishes at zero frequency , We used the model suggested by Von 
Karman which is finite at zero frequency ; therefore^ this excitation difference 
at low frequency is due to the turbulence models. 

From: K , H . Hohenemser 

Q: How should you expect the results to change for hinged (teetering) blades? 

A; I have not done the analysis ^ so 1 do not know exactly, I would expect the magni^ 
tude of the forces and moments to decrease significantly » 

From: Anonymous 

Q: What is the effect of damping on the first and second blade bending power spectra 

spikes? 

A: The blade is rigid so there are no blade resonances , The bending resonances illus- 

trated in the plots are for the tower. The only damping in the model is aerodynamic 
damping y but if structural damping were added j the response near resonance points 
should be reduced. 

From: R, E. Wilson 

Q: Do you plan to treat teetering rotors? 

A: I would like to add teetering to the models but at this timCj our sponsor has not 

indicated a strong interest in adding this additional degree of freedom. Perhaps 
after the model is validated this will be possible , 
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WIND TURBULENCE INPUTS FOR HORIZONTAL AXIS WIND TURBINES 


W.E. Holley, R.W. Thresher, and $-R. Lin 


Department of Mechanical Engineering 
Oregon State University 
Corvallis, OR 97331 


1. INTRODUCTION 

In order to predict wind turbine response charac- 
teristics in the presence of atmospheric turbu- 
lence, two major modeling steps are required. 

First, the important atmospheric sources for the 
force excitations felt by the wind turbine sys- 
tem must be identified and characterized. Second, 
a dynamic model must be developed which describes 
how these excitations are transmitted through the 
structure and power train. The goal of this 
paper is to establish the first modeling step, 
that of quantifying the important excitations due 
to the atmospheric turbulence. The dynamic model- 
ing of the second step is undertaken in the ac- 
companying paper (1). 

Fluctuations in the aerodynamic forces on a wind 
turbine blade are generated by the relative motions 
of the air with respect to the blade. These rela- 
tive motions are comprised of two parts: the 

motions of the blade and the motions of the air. 

The motions of the air can further be divided 
into the undisturbed turbulent flow and the 
"induced flow" due to the presence of the wind 
turbine wake. The terms comprising the undisturbed 
flow will be characterized in this paper. More 
precisely, for a horizontal axis wind turbine, 
the aerodynamic forces are determined by the 
instantaneous air velocity distribution along 
each of the turbine blades. These blades in turn 
are rotating through the turbulence field which 
is being convected past the turbine rotor disc. 

It is thus necessary to characterize the wind 
turbulence field by a three-dimensional velocity 
vector v;hich varies randomly with time and with 
the position in space. A complete statistical 
description of this turbulent velocity field re- 
quires the determination of all possible joint 
probability distributions between different 
velocity components at different times and 
positions in space. Clearly, such a description 
will not be possible without considerable simpli- 
fication. The validity of the resulting simpli- 
fied model will depend upon a comparison of the 
characteristics predicted by the model and those 
observed in the atmosphere and more importantly, 
those observed in actual wind turbine field tests. 
In this paper we will describe the assumptions 
and the analytical steps used to arrive at the 
simplified model. In the accompanying paper the 
model is used to predict wind turbine response 
characterti sties. It is hoped that these results 
will be verified in the near future by direct 
comparison with the results of actual field tests. 

2. MODEL ASSUMPTIONS AND APPROXIMATIONS 

The first assumption relates to the type of sta- 
tistical information which is necessary to describe 
the net aerodynamic forces and moments acting on 
the turbine rotor. Several authors (2,3) have 
indicated that the quantities needed for wind 


turbine design can be obtained from the mean and 
second-moment statistical characteristics of the 
various system responses. For stationary pro- 
cesses this information is contained in the mean 
and power spectral density. In this type of 
analysis, the mean and power spectral density are 
characterized by a set of parameters. Rice’s 
theory (4) for computing the frequency of level 
crossings or peaks is then used with the observed 
parameter probability densities to obtain the 
desired response statistics. In this paper, we 
will strive to determine the power spectral 
density characteristics of the turbulence. When 
they are combined with the machine dynamic model, 
we will assume that the resulting response sta- 
tistics will be useful for machine design. 

The next simplification assumes that the variation 
in the turbulent velocity observed at a stationary 
point is due primarily to the convection of the 
turbulent eddies past the tower. Known as Taylor's 
frozen field hypothesis (5), this assumption is 
widely used in reducing fixed-tower, wind turbu- 
lence data and correlating these results with 
data from spatially separated points (6). 

The following assumptions which are often used in 
analyses involving aircraft flying through turbu- 
lence are more questionable when applied to turbu- 
lence observed In the atmospheric boundary layer. 
First, when the mean velocity field is subtracted 
from the total Instantaneous velocity field, the 
resulting turbulent velocity is assumed to be 
locally homogeneous. Thus, when vertical separa- 
tions between points are as large as the disc 
diameter, the correlations are not explicitly 
height dependent. Second, the field is assumed 
to be isotropic for all separations for which it 
is homogeneous. The latter assumption is known 
not to be precisely correct since the variance of 
the vertical component is less, than the horizontal 
components (7) and the vertical and downwind com- 
ponents are correlated due to the boundary layer 
shear of the mean flow (8). However, no model 
currently exists for predicting the three-dimen- 
sional, nonisotropic correlations between velocity 
components at points separated in space. In the 
absence of a better model, the isotropic model will 
be used with the understanding that the results 
may need adjustment when more complete experimental 
resul ts are ava i 1 abl e . 

With the previous assumptions (and assuming in- 
compressible flow), Batchelor (9) has shown that 
the correlation tensor between velocity components 
at spatially separated points has the form 

= a2[f(?)6.j + i cf (5)(5^.J - ^)] (2.1) 

where R^j(f) “ E[v^. (x + |)v.(x)] 

v^v(x) = ith velocity component at position'x 
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C.| = 1th component of the separation f 

c = + ^2 + ?3 = III 

6._. = 1 for i = j and 0 for 1 f J 

* J 

f(4) = longitudinal correlation function 

2 

a = variance of the turbulent velocity 
components 

Von Karman (10) suggested the form for the longi- 
tudinal correlation function 

f(0 = (2.2) 

where a = 1 .339 

b = 0.5925 

A ” 

L = Integral scale - / f(^)dC 

0 

Kn/o(*) = modified Bessel function of order 
1/3 

This function results in Kolmogorov's (11) -5/3 
power law for the Inertial subrange in the longi- 
tudinal power spectral density. 

At this point, a very useful approximation due to 
Etkin (12) is introduced. The power of this 
approximation is that it separates the computation 
of the aerodynamic responses into two tractable 
pieces. In the first, the spatial variation of 
the turbulence is locally approximated by an ex- 
pansion. The various time varying turbulence com- 
ponents are then multiplied by standard aerody- 
namic influence coefficients to obtain the re- 
quired aerodynamic responses. These influence 
coefficients are the same as those that would be 
computed in the absence of turbulence. The re- 
sults of this procedure are extensively used in 
aircraft response calculations for flight through 
turbulence (13). The results for the airplane 
case, however, cannot be applied directly to the 
wind turbine problem because of major differences 
in the geometry. The aerodynamic surfaces of an 
airplane lie in a nearly horizontal plane while 
the blades of a horizontal axis wind turbine lie 
in a vertical plane nearly perpendicular to the 
mean wind. It is necessary then, to rederive 
the results in a form which is compatible with 
the wind turbine geometry. 

3. DERIVATION OF THE TURBULENCE MODEL 

The coordinate definitions used in this paper are 
shown in Figure 1. In the vacinity of the rotor 
disc, the turbulent velocity is expressed local- 
ly by the approximation 

v.(r,0,t) = V^(t) + V.^^(t) rsine + 

+ higher order terms (3.1) 

In this approximation, the spatial randomness of 
the turbulence is accounted for by the time vary- 
ing random quantities V4{t), 

higher order terms. While this ’approximation ap- 
pears to be a Taylor series expansion, it is not. 
Because of the random nature of the spatial vari- 
ations, the samples from the statistical ensemble 


do not have the usual continuity and differentia- 
bility properties necessary for a true Taylor ex- 
pansion. The expansion, however, can be thought 
of as a functional approximation. Here, the ob- 
ject is to choose the terms in the expansion so 
as to minimize some measure of the approximation 
error. When dealing with random functions, a 
reasonable error measure Is Its variance. It will 
be understood that convergence of the approxima- 
tion series means that the error variance ap- 
proaches zero as more and more terms are included. 
Convergence In variance further implies that the 
series converges In probability (14), I.e., 

Lim Pr{|e^J>e} = 0 for all e > 0 
n^ 

where e is the approximation error including only 
the nth'^order terms. 

At any given time, the terms Vj, Vj^x, and Vi,z 
are chosen to minimize the criterion 

e ^ 1 / X(v. - v.)2 dA (3.2) 

A i ’ ’ 

where A = rotor disc area 

V. = V. + V_. rsin0 + V. _ rcose 

1 1 IjX IjZ 

V^- = V^(r,0,t) 

The necessary conditions for the minimization are 
1 , x A 

/ (^i - V.) rcose dA = 0 

which in turn require that 

Vi(t) = |/ V|(r.e,t)dA 

V,- y(t) = i- / v.(r,e,t) rsine dA (3.4) 

r.x ^ 1 

V. ,(t) = T- / v.(r,e,t) rcose dA 

1 ,z A ^ 

2 

where A - ttR the disc area 
ttr"^ 

I = I_ = the area moments about the 
X and z axes. 

Thus, if the statistics of the turbulence field 
are known, then the statistics of V-j , Vi^x ^nd 
Vi^z and any higher order terms can be determined. 
For example the autocorrelation function for the 
uniform, through- the-di sc component is expressed 
as 

RVy (T) ^ E EVy(t + T)Vy(t)] 

- K f f E[v (r,e,t+x)v (p,i),t)]dA,dA„ 

A“^ A A y y ' ^ 

(3.5) 
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Using Taylor's hypothesis yields 
Ry (t) = Kff 


curves can be plotted. These curves will be a 
one parameter family depending on the ratio of 
turbine size to turbulence integral scale (R/L). 
Example curves are shown in Figures 3 and 4. 


'N 

where = rsine - psincf) 

= V 

= rcose - pcos<j) 
dA^ = rdrde 
dA2 = pdpd(j) 

and V. = mean wind speed 
w 

In the isotropic case, 222 

C —V T 

R22(Ci.? 2>%) = + ^5f'(C)(^— )] (3.7) 

C 


2 2 2 2 
where C = ^ + Cg + ?3 

= r^ + - 2rpcos(0-4>) + 

Even for the simple exponential correlation func- 
tion ^ 

f(5) = e' ^ (3.8) 


it is doubtful that an analytical expression for 
Rv (t) exists. Hence, numerical integration pro- 
cedures were employed to perform the required 
computations. Details of these procedures are 
found in the Appendix. 


At this point, it is convenient to rearrange the 
gradient terms for the in-plane components. This 
form is chosen because the resulting terms natu- 
rally appear when the velocity is expressed in 
components which rotate with the turbine blades. 
These terms can be interpreted as local fluid ro- 
tations and strain rates. Thus, the following 
terms are defined 


V ■ - *x.z> 


swi rl 


'XZ ■ l<»Z,Z 


+ V 


X,2' 


- \Ji 


V shear strain rates 


(3.9) 


Sz ■ I<'z,z * ’'x.xl 


dilation 


Typical fluid streamlines giving rise to positive 
terms are shown in Figure 2. 


Retaining the uniform and gradient terms in the 
expansion results in the following nine terms 
which vary randomly with time: V^, ^yjX> 

Vy^ 2 [> Yxz * Txz * ^xz * ^xz • The correlation sta- 
tistics of these terms can be computed using 
double-area integral expressions similar to 
Eq. (3.6). Because of the statistical isotropy, 
it is easily shown that all nine terms are 
mutually uncorrelated. Thus, all second moment 
statistics will be determined by the autocorre- 
lation functions or the power spectral densities 
of the nine terms. Using the scaling parameters 
in Table 1, nondimensional power spectral density 


Table 1. Scaling Parameters for Nondimensional 
Curves. 


Varl abl es 

Scaling 

Parameter 

Turbulent velocity, 

0 

Velocity gradient, V. . 

* 5 J 

o/R 

Frequency, w 

VL 


Also shown in Figures 3 and 4 are approximate 
spectra derived from an exponential autocorrelation 
function. These approximate spectra match the 
computed spectra at low frequency and have the 
same total variance. Stationary, random processes 
with exponential autocorrelation functions can be 
conveniently represented by stochastic differen- 
tial equations of the form 

X + ax = bw (3.10) 

where x = random process 

w = white noise with flat PSD = q 

The autocorrelation function and power spectrum 
are 

r,(t) (3.m 

S^((o) = (3.12) 

a +u) 


respectively, from which the parameters a and b 
can be determined 


a 


2R (0) 
x ^ 

-yi5r 


(3.13) 


2RJ0) 
b = ■ — 

.TqS^ 


(3.14) 


For 

the 


the wind turbulence it is convenient to choose 
white noise, power spectral density 


o - 

W 


(3.15) 


Nondimensional 


A 

* V 


parameters can thus be defined 
2LR^(0) 


(3.16) 
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RJO) 

2(-^) 


uniform terms 


w / w X' 


Sx<“> ■ ^ 


4 . MODEL ERROR DISCUSSION 


R^RJO) 
2 {— |— ) 
g 


(3.17) 


gradient terms 


which will depend only on the ratio R/L. As an 
example of the computational procedure, consider 
the turbulence component Vy. In this case. 


R (0) T . 

/ g(f > 0) 

Pk kK ^ ' 


(3.18) 


and V S (0) ^ «> ^ V t V 

P % / / / g(f ,'^)dA,dA2{r^)dT 

P P P (3.19) 
V T 5 -V T 

where g(^ , -^) = f(g) + ^f '(g)( 2^ 


^ - 2 rpcos(e-(i)) + V^x 


Three levels of approximatioii are introduced in 
this paper. In the first, the turbulence is 
modeled as locally homogeneous and isotropic with 
correlations given by the Von Karman model . This 
assumption probably introduces the largest amount 
of error in the model. Several authors (15,16) 
indicate that the horizontal velocity components 
have a variance which is approximately three times 
the variance of the vertical component. If we 
assume that the turbulent velocity predicted by 
the isotropic model has a vertical component which 
is ^ times too large, but is otherwise statis- 
tically correct, then the velocity error magnitude 
introduced has a variance 


e ^ E [ S (V, - V,)2] 


= E [(v^ V 3 - v^r] 


= 0.18 ( 
2 

where a = variance of horizontal components. 


dA^ = rdrde 
dA^ = pdpd(j) 

and f(-) is the isotropic correlation function. 

The results of numerical computations for these 
integrals are shown in Figures 5-8 for all of 
the turbulence components. 

In summary, each of the turbulence terms are 
modeled by stochastic differential equations of 
the form 


X = ax + bw 


(3.20) 


where x = instantaneous value of one of the 

terms , ... , .... etc. 

w = nondimensional white noise with power 
spectral density q = a^L/v3 
V 


(3.21) 


The second level of approximation occurs in trun- 
cating the higher order terms in the spatial expan- 
sion. Thus, at any point on the rotor disc, the 
turbulent velocity is approximated by 


v.|(r,0,t)=V^(t)+V,.^j^,(t)rsin0+V^^2^^^*"‘^°®® (^-2) 


Since the velocity component through the rotor, 
Vy, produces the greatest aerodynamic force, con- 
sider the error variance produced by the approxi- 
mation of this component 


e^(r,0)= E[(Vy(r,0,t)-Vy(r,0,t))^] (4.3) 

Averaging over the rotor disc gives 


61 =^/ e^(r,0) dA 
A 


for uniform terms 


for gradient terms 


(3.22) 


The nondimensional terms a* and b* are found from 
Figures 5-8 as appropriate and depend on the ratio 
of turbine size to turbulence scale (R/L). Power 
spectral densities can be obtained if desired 
from the equation 


Using the relations for terms Vy(t), Vy x(t) and 
Vy 7 \t) given by Equations 3.4 yields the useful 




and hence 
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Note* for a steady, uniform velocity, the force is 
constant and given by 


= 1-4 E[Vy] - \ E[V 2 ] . E[V 2 ] ( 4 . 6 ) 

<y^ ^ Aa^ Aa^ 


<y '' Aa' 
which finally gives 


I, = 1 - 


K ( 0 ) 

y 


R^R„ 


1 

?■ 


JL2L 


( 0 ) 


R^R„ 




( 0 ) 




This quantity can be Interpreted as a measure of 
the total variance of the part of the turbulent 
velocity that is not included in the model. Thus, 
the averaged error, is zero if the approxima- 
tion is "perfect". 


Now, let the approxiinate force be the result of 
the uniform and gradient terms in the model. Thus, 

R 

f(t) = v„(r,Qt,t) dr (4.9) 

where v = V (t) + V (t)rsinBt + V„ ,(t)rcosflt 
y y y,z 

Integrating along the blade yields 
f(t)=C[Vy(t)+^ R(Vy^^(t)sinnt+Vy^^{t)cossJt)](4.10) 


and e, = 1 if the trivial approximation = 0 is 
used. ' y 

In a similar fashion the quantity rg can be 
defined when only the uniform terms are retained 
and ^2 when uniform, gradient, and quadratic terms 
are retained. Table 2 shows the effect of increas- 
ing rotor size relative to the turbulence scale. 


The relative error variance is given by 


^1 


-f)b 

EC?] 


= ECf^] - 2 ECffl -I- Er?l 
EC?] 


(4.11) 


Table 2 - Relative Approximation Error Variance 


R 

r 

^0 

^1 

^2 

.01 

.044 

.026 

.023 

.054(Mod M) 

.135 

.081 

.070 

.1 

.201 

.121 

.105 

.3 (Mod G) 

.397 

.250 

.218 

.5 

.527 

.348 

.304 

1.0 

.724 

.527 

.465 

2.0 

.889 

.737 

.663 


Observing the results given in this table, a sig- 
nificant improvement is obtained when the gradient 
terms are included along with the uniform term. 
However, only a small improvement is obtained when 
the quadratic terms are also included. This leads 
to the conclusion that the unmodeled portion of 
the turbulence 1$ highly disorganized and probably 
has a negligible effect on the forces and moments 
felt at the hub. 

To Investigate this effect further, the following 
aerodynamic model was assumed for a light, rigid 
blade cutting through the turbulent velocity field 

or 1^ . 

f(t) = 4 / r v„{r,s2t,t)dr (4.8) 

r4 0 R -r y 

where f = the net blade force (torque or 

thrust deviation from nominal) 

C - the aerodynamic influence coef- 
ficient 

Q = rotation rate of the rotor 
and V (r,e,t) = instantaneous turbulent velocity. 


Substituting Equations 4.10 and 4.8 into these 
variance terms gives 


EC?]=c2cRy (0)+(M)2 (r (0)sin2fit+Ry (Ocos^sJt)] 
y y.x V.z 

(4.12 

o gr2 R R ^ ^ 

0 ''"’^(R^-?)(?-P^) ’^22(^1 •0»53)dr'dp 


(4.13) 


where ^ = (r-p)sins^t 
?3 = (r-p)coss^t 

^22^*’’**^ = turbulent velocity correlation 
function 

E Cff] = ?do + I,) (4.14) 


where 

, R 

Iq = -% / / r Roo(5i,0,?,)dAdr 

“ ttR° 0 a k -r 2Z I 3 


9 ^ 

r, = —Q f f r P cos (4»-at)R5»«(e, ,0,Co)dAdr 

I 41^0 Q K r zz 1 3 

^ = rsinot - psin<i) 

C3 = rcosfit - pcos^i 
dA = pdpd(f> 

The normalized error variance, eg* defined by 
neglecting the gradient terms in the approximate 
velocity, is determined in a similar way. Table 3 
shows the results of these computations 
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Table 3 - Relative 

Blade 

Force Error Variance 

R 

L 

^0 

^1 

.01 

.024 

.009 

.054(Mod M) 

.076 

.030 

.1 

.116 

.046 

.3 (Mod G) 

.248 

.104 

.5 

.350 

.157 

1.0 

.536 

,278 

2.0 

.753 

.488 


Comparing the results of Table 3 and Table 2, it 
is seen that only half the unmodeled velocity vari- 
ance is observed as unmodeled force variance. 

This result is due to the averaging effect of the 
integration along the blade. If the blade were 
more realistically modeled with inertia it is ex- 
pected that little of the remaining unmodeled 
variance would be transmitted to the hub. 

The third level of approximation involves the use 
of the stochastic differential equation (Equation 
3 . 20 ) to model the uniform and gradient turbulence 
components. The accuracy of this approximation 
depends on how close the spectral form 


yields the stochastic differential equations 


and 


x-j — — ^1^*1 b^W”l 

(5.3) 

^2 ^ ” ^2^2 ^ ^^3 ^ *^2^2 

(5.4) 

x^ = - ax2 - agX^ + b^w^ 

(5.5) 


Since the original white noise inputs are uncor- 
related with identical power spectral densities, 
it can be shown that W 2 and W 3 are also uncor- 
related white noise processes with the same power 
spectral density. This yields the foil owing, matrix 
form for the stochastic differential equatioifis 


{X} = [A]{x} + [B]{w} 

(5.6) 

{f> = [C]{x} 

where the matrices are given by 



--ai 

0 

0 

•N 

[A] = 

0 

-"2 

n 



_ 0 


-ao 





2-^ 




0 

0 “ 


[B] = 

0 

^2 

0 



^ 0 

0 

bgj 


[C] = 

[C, c 

Sir p 
16 

0] 

J 


is to the spectra computed by integration. Figures 
3 and 4 show two examples of such a comparison. 

The parameters a and b are chosen so that the total 
variance and the low frequency spectrum for the 
model are correct. 

Considering the results of these error calcula- 
tions, it is reasonable to expect that the turbu- 
lence inputs described statistically by the model 
will approximate the effect of the true turbulence 
on the wind turbine. Realistic evaluation of the 
modeling error, however, can only be accomplished 
by comparison with experimental data. It is hoped 
that such a comparison can be made in the near 
future. 

5. AERODYNAMIC FORCE ON ROTATING WIND TURBINE BLADE 


Using these equations the output power spectral 
density is given fay the well known expression (17) 

S^M = [H(io>)][Qj[H'^(-iu>)] (5.8) 

where the row matrix of transfer functions is 
given by 

[H(i(o)] = [C][i(oI - Al-’CB] (5.9) 


Since the elements of the noise vector are uncor- 
related and have identical power spectral densities 


[Q] « 


"q 

0 

^0 


0 

q 

0 



(5.10) 


As an illustration of how the turbulence interacts 
with a rotating turbine blade, consider the pre- 
vious example of a rigid blade rotating in the 
turbulent velocity field. Using the approximate 
turbulence model, the blade force is given by 


which gives 

S^(w) = q[H(ia))][H^(-io))] 

= q 2 


(5.n) 


f(t)=C[Vy(t)-fr|^ R(Vy j^(t)sinnt+Vy 2 (t)cosJ 2 t)] (5.1) For the case at hand. 


Defining the three components of the dynamic state 
vector 


x^(t) = Vy(t) 

Xg(t) = cosftt Vy^^(t) + sinsit 

xJt) = - sinQt V (t) + cosnt V„ „(t) 
V y 9 y 9 ^ 


(5.2) 


Cb, C ll- R b,(a,tT(fl) C IJ- R b,R 

= [to ^ 2 2 • 2 

’ (a2+ii»r+a (a2+ia>r+si^ 

(5.12) 

(Cb,)^q (C R bp)^(a?+£2^+o)^)q 

s.(u)) = g* g + — 'o ? ■ ?!> ■ - — r— (5.13) 

a^+m (ag+ft + 0 ) ) -(2ftw)^ 
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Using the non-dimensional terms defined in Equa- 
tions 3.16 and 3.17 yields the result 

V^S^(o)) ^ (jg- (^*2 ^ ) 

— — = —7T — + ' 2 A— n — ~o 

C (a^2 ^ “/) -(2 

(3.14) 

where the non-dimensional frequencies are defined 
by 

( 0 * = ^ and n* = ^ {3.15) 

The non-dimensional, power spectral density from 
Equation 3.14 is plotted in Figure 9. The para- 
meters for these blades were selected to corres- 
pond to two typical wind turbines of vastly dif- 
ferent size; Table 4 provides the key parameters 
for these two turbines. 

Table 4 - Parameters for Typical Wind Turbines 


Mod M Mod G 


Radius, R (ft) 

16.67 

150 

Rated Power 

8 kW 

2.5 MW 

Windspeed, (m.p.h.) 

16.63 

20 

Rotation Rate, n (rpm) 

73.35 

17.5 

Turbulence Scale, L (ft) 

300 

500 


It is clear from Figure 9 that the effect of blade 
rotation is to concentrate the variance due to the 
turbulence gradient components at a frequency 
equal the rotation rate. This effect can be under- 
stood by considering the blade to be slicing 
through a slowly varying velocity gradient. As the 
blade encounters the higher velocity on one side 
of the rotor disc the force is increased. As it 
moves through 180° the force reaches a minimum 
giving a fluctuating force at the rotor frequency. 
The importance of this effect can be seen by com- 
paring the relative contributions of the uniform 
and gradient components to the total variance of 
the blade force. Table 5 shows these results. 

Table 5 - Relative Contributions to 


Blade Force Variance 



Uniform 

Gradient 


Term 

Terms 

Mod M (8 kW) 

96% 

4% 

Mod G (2.5 MW) 

85% 

15% 


Clearly for the larger blade, 15% of the variance 
at the relatively high rotor frequency could cause 
more fatigue damage than the 85% for the uniform 
component at the lower frequencies. 

6. CONCLUSIONS 

In this paper, we have formulated a theoretical 
model for the wind turbulence as it affects hori- 
zontal axis wind turbines. The model includes the 
effect of variations in the turbulent velocity 


across the rotor disc. An indication of the ap- 
proximation error in the model has also been given. 
It is expected that the model will be useful for 
determining how important the different turbulence 
effects are for given machine responses. This type 
of study has been made in the accompanying paper 
(1). While we believe that the model will give 
qualitatively correct results, it is important that 
experimental verification and any necessary model 
adjustments be made before it is used for design 
purposes. 
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APPENDIX 

Numerical Procedures Utilized in Model 
Development 

A.l Area Integration Over Rotor Disc 

Two Gaussian quadrature formulas (18) were 
utilized to perform area Integrations over 
the rotor disc. The distribution of points 
is shown In Figure 10 and given In Tables 6 
and 7. 


Table 6 - Sixteen Point Formula 




.21132487 

.19634954 

.78867513 

.19634954 

Table 7 - S1xty-four Point Formula 

"i 


.26349923 

.03415057 

.57446451 

.06402420 

.81852949 

.06402420 

.96465961 

.03415057 


The quadrature formulas have the following 
form: 

n 4n 

/ f(r,0)dA = z E C.f(r..,e_*) 

A i=l j=l ^ ^ ^ 



A six-point formula was also developed to re- 
duce the computational load. In this case, 
the radius was adjusted until the best match 
between computations using the sixty-four- 
point formula and the six-point formula was 
achieved and resulted in r = 0.69. For all 
computations, comparison was made between two 
formulas to verify accuracy to within five 
percent. 
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A. 2 Integration Along Radius 

An eight-point Gaussian quadrature formula 
(19) was utilized for radial integrations 
where required without angle dependence. 

1 n 

/ f{r)dr = E C.f(r.) 

0 i=l ’ ’ 

The weights and absissas are given in Table 8. 
Table 8 - Radial Quadrature Formula 


Table 9 - Semi-Infinite Interval 
Quadrature Formula 


.087649 

.46270 

1.14106 

2.12928 

3.43709 


.206152 
.331058 
.265796 
.136297 
.473289 E-01 




5.07802 

.113000 E-01 

1 

1 

7.07034 

.184910 E-02 

.0198550717 

.0506142681 

9.43831 

.204272 E-03 

.1016667612 

.1111905172 

12.21422 

.148446 E-04 

.2372337950 

.1568533229 

15.44153 

.682832 E-06 

.4082826787 

.1813418916 

19.18016 

.188100 E-07 

.5917173212 

.1813418916 

23.51591 

.286235 E-09 

.7627662049 

.1568533229 

28.57873 

.212708 E-11 

.8983332387 

.1111905172 

34.58340 

.629797 E-14 

.9801449282 

.0506142681 

41 .94045 

.505047 E-17 


A. 3 Fourier Transforms 

For calculation of power spectral densities 
the Fourier transform defined by 


was numerically computed from the autocorre- 
lation function using the finite approxima- 
tion 

S(u)|^) = ^ ^]-R(o)) 

where = (T=|^)k 


The fast Fourier transform techniques of the 
IMSL (20) library routine FFTRC were uti- 
lized. Several different time intervals were 
chosen to give overlapping spectra over the 
different frequency decades. 

A. 4 Semi -Infinite Time Interval 

To calculate the zero frequency power spectra, 
a Gaussian quadrature formula (21) was uti- 
lized. 


/ e“^f(x)dx == l C.f(x. ) 

0 1=1 ^ ' 

The absissas and weights for the sixteen 
points are given in Table 9. 


51.70116 


.416146 E-21 


A. 5 Von Karman Correlation Function 

Central to all of the previous numerical inte- 
gration procedures is the need to compute the 
integrand. In this case the integrand will 
involve the evaluation of 

f(.) ■ 

and 

g(y) = j yf' (p) 

where K, /^(*) = Modified Bessel function 
order of 1/3 

These functions are evaluated by the subrou- 
tine VK developed by Holley and Bryson (22). 
The method utilizes spline interpolation and 
asymptotic expansion giving a result accurate 
to six significant figures over a wide range 
of arguments. 
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Figure 1: Rotor Disc Coordinates 






Figure 2: In-Plane Velocity Gradient Terms 
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QUESTIONS AND ANSWERS 


W.E. Holley 


From: L.P. Rowley 

Q; How would you propose verifying your model? 

A: \^e intend to oompare the statistical results predicted by the model with results 

gained from a planar anemometer an ray. This comparison can be accomplished using 
results developed in system identification theory, \^e also would like to compare 
model predictions with wind turbine field data. 

From: T.E. JSase 

Q: Does your turbulence model satisfy the conservation equation, i.e., continuity? 

A: Yes^ the Von Karman correlation function satisfies the constraint imposed by the 

continuity equation. To the degree that the model approximates the Von Karman 
correlation function^ it also satisfies continuity , 

From: L. Mirandy 

Q: Is the only spatial effect in your model due to rsin 6, rcos 8 terms (gradients 

V. f V. depend only on time) or do you have a spatial correlation like Dr. Sundar? 

X f X 1 , z 

A: The spatial variation effect includes only rsin^ and rcos^ effects. Other more 

disorganized spatial variations are ignored. These higher order terms are the 
source of the error discussed in the paper. 
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APPLICATIONS OF THE DOE/NASA WIND TURBINE ENGINEERING INFORMATION SYSTEM 


Harold E. Neustadter and David A. Spera 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, OH 44135, (216)433-.4000 

ABSTRACT 

The NASA Lewis Research Center manages for the Department of Energy, the technology and engineering 
development of large horizontal axis wind turbines. In support of this activity each wind turbine has 
a variety of information systems used to acquire, process and analyze data. In general four categories 
of data systems, each responding to a distinct information need, can be Identified. The categories 
are: Control, Technology, Engineering and Performance. 

The focus of this report is on the information that can be extracted by statistical analysis of data 
obtained from the Technology and Engineering Information Systems. These systems consist of the 
following elements: (1) sensors which measure critical parameters (e.g., wind speed and direction, 

output power, blade loads and component vibrations; (2) remote multiplexing units (RMUs) on each wind 
turbine which frequency-modulate, multiplex and transmit sensor outputs; (3) on-site instrumentation to 
record, process and display the sensor output; and (4) statistical analysis of data at the NASA-Lewis 
Research Center in Cleveland, Ohio. 

Two examples of the capabilities of these systems are presented. The first illustrates the 
standardized format for application of statistical analysis to each directly measured parameter. The 
second shows the use of a model to estimate the variability of the rotor thrust loading, which is a 
derived parameter. 


INTRODUCTION 

The U.S. Government has established a Wind 
Energy Program within the Department of Energy 
(DOE) to encourage the development and promote 
commercialization of wind energy systems. One 
phase of this program is being managed by the 
NASA Lewis Research Center (LeRC). An agreement 
with DOE stipulates that LeRC shall manage both 
the Technology and Engineering Development for 
large ( 100 kW) horizontal axis wind turbines 
(ref. 1). four wind turbine projects, 
designated the Mod-0 (ref. 2), Mod-OA (ref. 3), 
Mod-1 (ref. 4), and Mod-2 (ref. 5), are pant of 
the current development program. In addition to 
these projects, efforts aimed at achieving lower 
machine costs have been initiated. These 
include advanced multi-megawatt (Mod-5) and 200 
to 500 kW (Mod-6) wind turbine projects. With 
regard to all these machines, LeRC has the 
responsibil ity to monitor, and report on their 
performance. 

Despite the diverse characteristics of these 
machines, we can nonetheless identify four 
distinct information/user categories that are 
common to all wind turbines; namely, 
operations/the wind turbine itself; 
technology/f ield operations personnel; 
engineering/system and component designers; 
performance/dispatchers or investors. The 
requirements for each category, as seen in 
Figure 1, are sufficiently disjoint that 
separate data systems have evolved to meet each 
need. 

At one extreme, with the highest sampling rates, 
are the computer based control systems which 
govern the routine operation of each wind 
turbine generator. The data portion of the 
control system provides information regarding 
adequacy of the wind, status of all critical 


systems, machine alignment with the wind, etc., 
and often monitors more than 100 sensors. For 
certain critical parameters the control system 
must be capable of responding within 
mi 1 1 1 seconds . Thi s system i s cons 1 dered to be 
an integral part of the wind turbine and varies 
significantly from one design to the next. 


NUMBER 

OF 



Figure 1 - The approximate relationship between 
the number of sensors, characteristic 
sampling time and the function of a 
data system. 




At the other extreme, with the lowest sampling 
rate, is the performance system to provide 
information for evaluation of a wind turbine's 
availability, reliability and energy 
production. These data requirements are 
generally limited to meteorological, electrical 
and structural parameters with time scales 
ranging from one hour to the lifetime of the 
mac hi ne. 

The two remaining information systems. 
Technology and Engineering, are discussed in 
greater detail in the remainder of this report. 
The next section deals with signal conditioning, 
data acquisition and display and the subsequent 
routine digital pre-processing. The third 
section provides an example of the standardized 
statistical analyses. The fourth section 
presents a technique to estimate variability in 
the rotor thrust, which itself is not measured 
directly but is derived from the flatwise 
bending moment. 

TECNOLOGY AND ENGINEERING INFORMATION SYSTEMS 

The Technology Information System has three 
functionally (and spatially) distinct 
components, as seen in Figure 2(a). The data 
signals from the sensors move through the system 
in the sequence: signal conditioning, 
acquisition/display, and statistical analysis. 
Physically, these three functions occur: on the 
wind turbine, at or near the base of the wind 
turbine tower and at LeRC, respectively. As was 
seen in Figure 1(a), the Engineering Information 
System is a subset of the Technology Information 
System in that fewer sensors are monitored. In 
addition, the Engineering System uses 
significantly less electronic equipment at each 
wind turbine site. As a consequence, if a 
statistical analysis is desired, some further 
processing and display is performed at the Plum 
Brook Station as illustrated in Figure 2(b). 

The wind turbines monitored by LeRC vary 
considerably in their size, location, blade 
composition and design. Despite, and to some 
extent because of, this variability, it was 
decided that all data system implementations 
should have the same (or functionally 
equivalent) hardware and software. 

Signal Conditioning 

Signal conditioning is performed by a Remote 
Multiplexing Unit (RMU) (ref. 6). As input, an 
RMU can accept up to 32 low-level or high-level 
data signals from a variety of transducers. 
Each RMU contains reference junctions for 
thermocouples as well as the necessary 
electronics for excitation and bridge completion 
of strain gauges. Each DOE /NASA wind turbine 
has one RMU located in the hub, another in the 
nacelle and a third unit at the base of the 
tower in the control room. A listing of all the 
transducers monitored during the Initial testing 
of Mod-1 has been reported elsewhere. (ref . 7) 


two multiplex groups. Each multiplex group 
consists of up to 16 FM signals (+ 125 Hz 
centered at 500 Hz intervals from lOOO Hz thru 
8500 Hz) plus a precise reference tone at 9500 
Hz. Other significant features of the RMU 
include a 4- pole active, Butterworth low- pass 
filter, end-to-end system calibration capability 
(upon command from an external source) and one 
kilometer signal transmission via coaxial cable. 



2(a) Technology Information System 



\ FM MULTIPLEX 


2(b) Engineering information System 


After a signal is received at the RMU it is 
conditioned (scale and/or offset, amplification 
or attenuation) to a common range and frequency 
multiplexed for output. Each RMU can generate 


Figure 2 - Schematic representation of the 

DOE/NASA Wind Energy Technology and 
Engineering Information Systems. 
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Acq u i s 1 1 i on/D is p 1 ay 

LeRu has two functionally equivalent Technology 
Acquisition/Display units. One unit is 
installe<| in a mobile van and is used to support 
field engineers, at wind turbine sites, thru 
assembly, check-out and initial operation of the 
first unit of each new wind turbine design. It 
is presently located at the Mod-2 site in 
Goodnoe Hills, Washington. The other unit is 
installed at the LeRC Plum Brook Station, 
Sandusky, Ohio. In addition to processing analog 
tapes received from those wind turbine sites 
equipped with Engineering Acquisition/Oi splay 
units, it is also used in the Supporting 
Research and Technology program based on the 
Mod-0 machine. 

A schematic representation of the electronic 
data processing capability of the mobile unit is 
shown in Figure 3(a). All RMU-generated FM 
multiplexes entering this unit are, with the 
addition of a time code, recorded in direct 
analog form. This recording capability is 
independent of any other equipment or processing 
activity within the unit. Simultaneously, the 
data can also be routed thru a bank of six sets 
of 16 discriminators which de-multiplex the 
signals and generate analog { +5V) signals. Any 
or all of these 96 analog signals can be 
digitized and routed thru the mini -computer. 
From there they can be processed for real-time 
digital display on the CRT and/or for 

transmittal on digital tape to LeRC for further 
analysis. In addition, any 24 of the 96 analog 
signals may be selected for display on strip 
charts and any single analog signal may be 
routed to a spectrum analyzer for frequency 
content evaluation. All the components shown 
with a stippling in Figure 3(a) can be set up 
and run under computer control at the discretion 
of the unit operator via the control terminal. 
This unit was designed with sufficient capacity 
to simultaneously support up to three wind 
turbines at a single site. 

Even after the initial check-out of a new wind 
turbine design, LeRC retains the responsibility 
to monitor and report the wind turbine’s 
performance. However, the Technology 
Acquisition/Display unit is too elaborate and 
expensive for long term monitoring at each site. 
Therefore, we have identified a functional 
subset, the Engineering Acquisition/Display 
unit, which is installed in the control area of 
each wind turbine. This latter unit provides 
on-line analog display on strip chart (eight 
channels per wind turbine) and continuously 
records 48 signals (as three FM multiplexes) 
plus time code on four tracks of analog magnetic 
tape. The analog magnetic tape recorder 
operates in either of two modes, depending on 

local conditions and requirements. At some 
sites it records until the tape is full (32 
hours) and then automatically rewinds (10 
minutes) and restarts, erasing old data as new 

data are recorded. At other sites the recorder 

operates for 96 hours (by making three passes 

thru the tape using a total of 12 tracks) and 
then automatically turns off. It remains off 
until the tape is replaced and the unit is 
manually restarted. 


Large volumes of data are often of little value 
in their raw form. Even after processing, they 
may well be of negligible value if the end 
product is overwhelmingly voluminous. 
Inadequately disseminated, or excessively 
delayed. To preclude these occurrences we 
routinely perform statistical analyses of both 
the technology and the engineering data. 
Condensed summaries are provided in both graphic 
and tabluar form, using microfiche as the 
d i s tr i bu t i on med i um . 


UP TO 3 



3(a) Technology Acquisition/Display Unit 


UP TO 3 



3(b) Engineering Acquisition/Display Unit 


Figure 3 - Schematic representation of the 

electronic data processing in the 
Teccnology and Engineering Acquisition/ 
Display Units. In the Technology Unit, 
each device shown with stippling can be 
controned by the operator from the 
console. 
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Digital .Pre-Processing 

Digital magnetic tapes, can be generated at 
either of the Technology Acquisition/ Display 
units. The digital data consist of 11 readings 
per parameter per (nominal) revolution and are 
stored as a tightly packed, randomly sequenced 
record. Each datum is accompanied by an 

identifying tag. Time markers (to nearest 
millisecond) are merged with the data. 

As the first step on the LeRC main frame system, 
these data tapes are transferred to disk for 
short term storage. During the transfer 

process, the internal representation is 
transformed (in software) from ASCII to EBCDIC. 
The next step compacts this initially large 
dataset ( SxlO^ data values + 5x10^ tags + 
IxTO^ time markers) into a more manageable 
form, as follows. The rotor shaft position is 
used to mark the start of each rotation. These 
markers are then combined with the associated 
time markers and processed to give rotor speed 
(rpm) as a function of time. Then, the data 
from approximately 30 sensors of general 
interest are screened to yield maximum and 
minimum values for each parameter for each 
revolution of the rotor. This smaller data set 
{ SxlO^data values) is stored on disk and is 
the data base for all further processing. In 
the final step, this latter data set is 
processed onto a microfiche containing the time 
history and statistical summary of each 

parameter of general interest. This entire 

process is shown schematically in Figure 4. 



Figure 4 - Schematic represenatation of the 

final step in information processing 
using the LeRC main computer facility. 


EXAMPLE 1: STANDARD STATISTICAL ANALYSIS 

While the specific set of sensors and their 
associated scale factors will vary from machine 
to machine, nevertheless, a single analysis 
procedure and a common presentation format is 
applied to all data from all machines. 

The data, which are stored in. the data base as 
maximum and minimum values for each revolution, 
are transformed to represent the midpoint and 
cyclic values for each revolution. The 
transformation equations are; 

midpoint = (maximum + minimum) / 2 
and 

cyclic “ (maximum - minimum) / 2) x 
(1 + f(rpni)) 

where, 

f(rpm) = 2 x 10"5 (rpm)2. 

The correction function, f(rpm), is introduced 
to compensate for the consistent underestimation 
of cyclic values resulting from the data 
sampling rate of 11 per (nominal) revolution. 

The results of the analysis of each sensor are 
displayed as two frames, one graphical and one 
tabular on the microfiche card. An example of 
the graphical output is shown in Figure 5 and of 
the tabular output in Table I. These data were 
recorded by the on-site Engineering 
Acquisition/Display unit on January 5, 1981, and 
cover more than 12,000 consecutive revolutions 
of continuous machine operation. 

The first frame for each sensor contains three 
graphs. On each graph there are two plots, one 
of the midpoint values with circles as symbols 
and the other of the cyclic values with diamonds 
as symbols. The three graphs are: 

1. Time history. The top graph smooths and 
summarizes the * information that one 
associates with a continuous trace on a 
strip chart recorder. One plot is of the 
average, over 30-second intervals, of the 
midpoint values. The other plot is of the 
corresponding cyclic values. 

2. Partitioned distributions (ref. 8). The 
abscissa for this center graph is the wind 
speed midpoint value as measured at hub 
height. These wind speed values are used as 
the basis for sorting the data from the 
sensor of interest. These latter values are 
grouped into subsets such that for each 
subset all the sensor data values were 
obtained at approximately the same measured 
wind speed. Then the data values within 
each subset are separately ranked in 
ascending order. The 16 th and 84th 
percentile for each such sequenced subset 
are displayed as horizontal tabs at the end 
of a vertical bar. We also estimate the 
confidence interval (at the 0.95 level) for 
significant differences of the median^ and 
display it as an interval (denoted by a pair 
of circles or diamonds) on the same vertical 
bar. This entire process is performed 
separately for the midpoint (circle) and 
cyclic (diamond) data values. 
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Figure 5 . - Sample frame showing the three graphs produced by 
the standardized statistical processing for each parameter. 
The above graphs comprise over 12,000 rotor revolutions and 
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3. Cumulative distribution. The bottom graph 
corresponds to a normal distribution, i.e., 
the abscissa is in units of normalized 
standard deviations and segmented with tick 
marks labelled by percentiles. Such a graph 
has the attribute that if the plotted data 
have a normal (i.e,, gaussian) distribution, 
the plot will be linear. For this graph the 
entire set of all midpoint values is 

sequenced and plotted by percentile. This 
process is repeated, separately, for the 
cyclic values. 

The second frame (see Table I) for each sensor 
presents tabular listings of the plotted data 
points from Both distributional graphs. Some 
additional (non-p lotted) data are also 
tabulated. Because some of these are extreme 
values (i.e., maxima and minima), these latter 
tabulated values must be addressed with caution 
as they might represent spurious noise. 

EXAMPLE 2: ROTOR THRUST STATISTICS 

As an example of using these data systems to 
obtain information about non-measured 

parameters, consider a calculation procedure 
which can be applied to estimate the variability 
in the rotor thrust from the measured flatwise 
bending moment data of a wind turbine blade. 
First an an lysis is made of the changes in the 
flatwise bending moment, which is a measured 
parameter. Then the changes in flatwise bending 
moment are related to changes in rotor thrust, 
which is a derived parameter, and developed as a 
normalized "range” (i.e., variability) 

coefficient. 

Flatwise (Midpoint) Moment Range 

The first step is to produce a pseudo-spectrum 
for the flatwise bending moment. The procedure 
starts with a data set consisting of the 
midpoint values (as defined in the previous 
section and as shown in figure 5) of the 
measured bending moment for each of some large 
number, n, of rotor revolutions. From these 

data, the range, i.e., the maximum minus the 
minimum, is calculated repeatedly over 
successively doubled time intervals. That is to 
say, the calculation of range values is made 

over every two cycles, again over every four 
cycles, again over every eight cycles, etc. 
This procedure yields n range values of the 
midpoint flatwise bending moment. 

These range values are sorted in ascending order 
and plotted as a standard normal probabi 1 i ty 
graph, as shown in Figure 6, using the scale 
shown to the left. The data for this particular 
calculation are the same data as seen earlier in 
Figure 5. The flatwise bending moment was 
measured near the root end of the blade at 
approximately five percent of the span, i.e., 
100 cm from the axis of rotation. The median of 
the range of the flatwise bending moment data is 
8,800 N-m and the 84th percentile is 24,400 N-m. 

These same data are replotted in Figure 6 for 
the same abscissa, but using as the ordinate the 
logarithmic scale to the right of the graph. 
The fit of the straight line to these 


data from the 50th to the 99th percentiles 
indicates a log-normal distribution that Is 
truncated at the very high end. When the same 

analysis is made on data which Include 
start-up/shut-down sequences, there is no 
truncation of the distribution and log-normality 
prevails to the uppermost extent of the data set 
(ref. 9). In either case the results in the 
region from the 50th to 99th percentile are 
essentially the same. Therefore, the 
information extracted is drawn from the central 
region of the distribution which is, in 
statistical jargon, more robust. 

Rotor Thrust 

The conversion from mean flatwise bending moment 
to mean rotor thrust is made by using the 
MOSTAB-WT (ref. 10) simulation program to 
determine the ratio, C, of the change in thrust 
to the change in flatwise bending (N/N-m). For 
wind speeds below the rated wind speed (11 m/s) 
C = 0.016, and for wind speeds above the rated 
wind speed, ,C = 0.011. Since both conditions 
occurred during the machine operation and the 
calculations described above do not distinguish 
between these two cases, an average of the two 
cases, C = 0.013, is acceptable for this 
analysis. Applying this average value to the 

flatwise moment range data in Figure 6, we 
obtain the average results shown in Table II. 
The median value of the range of the rotor 
thrust is 1600 N and the 84th percentile is 4400 
N. This information can be normalized by the 
rotor thrust at rated wind speed (32,000 N) and 
restated as a dimensionless parameter. This 
gives the dimensionless values of 0.05 at the 
50th percentile and 0.14 at the 84th percentile 
for the ratio of the range of rotor thrust to 
the rotor thrust at rated wind speed. 



NORMAL DISTRIBUTION 


Figure 6 - Normal probabi 1 ity plots for the range 
of variability in the flatwise bending 
moment, based on the same data as in 
Figure 5. 
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Table II Rotor Thrust Varabllity for Mod-OA 

change jn rotor thrust . 

change in flatwise bending moment - 0.013m ‘ 

rotor thrust at rated wind speed= 32,000 nt 


Parameter 

Median 

flatwise moment range 
(midpoint), nt-m 

8,800 

rotor- thrust range, 
nt-m 

1600 

rotor thrust range 
rotor thrust at rated wind speed 

0.05 


CONCLUDING REMARKS 

Two related data systems, one for technology 
development and the other for engineering 
evaluation, have been Identified and described. 
Typical data, in this Instance six consecutive 
hours of flatwise bending moment data were 
presented. The description of the extraction of 
information thru the application of statistical 
analyses included both the standardized analysis 
procedure and an analysis specific to evaluating 
rotor thrust. 
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QUESTIONS answers 


H,E, Neustadter 


From: G. McNerney 

Q: How extensive is the data base for each site, (sample rates, total time, and chan- 

nels sampled) , and is the data available in raw form for dissemination outside NASA? 

A: The raw form of the data is analog r boot ding of FM encoded data and is not availa- 

ble for general distribution. For digital analysis the sampling rate is 11 times 
per revolution for up to 48 channels over a six hour duration for each analysis 
performed. There are about 100 analyses currently on microfiche and the production 
rate isj nominally, one per machine per week. 

From: W.N, Sullivan 

Q; What is the turnaround time on creation of engineering information data sets? 

A: Under ideal circumstances it could he 2 or 8 days. Typical turnaround is 7 to 12 

days. 


From: P«C. Klimas 


Q: 


1) Does your data system measure rotor C^? If so, is the data available? 

2) What is the time interval used for the measurements which you "bin”? 


A; 1) Not yet, because most sites do not have free -stream wind data available, 

2) The values which are ^^binned^^ are the midpoint and cyclic values for a revo-- 

lution. The time interval depends on the rotor speed. 



AN OVERVIEW OF FATIGUE FAILURES AT THE ROCKY FLATS WIND SYSTEH TEST CENTER 


C. A. Waldon 
Rockwel 1 I n terna ti onal 
Wind Systems Program 
PaO, Box 464 
Golden, Colorado 


INTRODUCTION 

Initially, wind energy state-of-the-art advance- 
ments involved the quantity and quality of the 
power produced by small wind energy conversion 
systems (SWECS), As wind energy commercializa- 
tion increases, however, SWECS manufacturers 
must rapidly adopt rigid reliability programs. 
Wind machines must not only meet design perform- 
ance specifications, but they must also perform 
without costly component or structural failures 
to assure continued market growth. 

This paper is intended to identify potential 
SWECS design problems and thereby improve 
product quality and reliability. Mass produced 
components such as gearboxes, generators, 
bearings, etc., are generally reliable due to 
their widespread uniform use in other industries. 
The likelihood of failure increases, though, in 
the interfacing of these components and in SWECS 
components designed for a specific system use. 
Problems relating to the structural integrity of 
such components are discussed and analyzed in 
this report with techniques currently used in 
quality assurance programs in other manufacturing 
industries. 


SUMMARY OF FAILURES 

One of the prime objectives at the Rocky 
Flats Small Wind Systems Test Center (WSTC) is 
to determine the operational characteristics of 
a SWECS over a range of wind speeds up to at 
least 85 miles per hour (mph). At some point in 
the testing, most SWECS experience at least one 
wind storm with 85 to 120 mph winds, and the 
severe loading on SWECS components has been 
sufficient to cause failures. In some cases, 
the entire SWECS is lost due to a critical 
component failure. At least 40% of the SWECS 
tested have experienced one or more fatigue- 
related failures and of all the failures experi- 
enced, at least 65% were obvious fatigue (see 
Table 1). The failures attributed to fatigue 
have been substantiated by the Rocky Flats Plant 
Metallurgical Group, Since most of these failures 
were caused by high short-term stresses, some 
SWECS that survived conceivably contain parts with 
fatigue-related damage which has degraded the 
materials to the point where failure is imminent 
even though not apparent. 

Even though the Rocky Flats wind environment is 
severe, the accumulative damage from lower wind 
speeds has also been sufficient to generate a 
fatigue caused failure. For example, an aluminum 
hub on one SWECS failed during a storm with a peak 
velocity of 28,6 m/s (64 mph). The SWECS had pre- 
viously sustained higher wind speed loadings which 


apparently initiated or accelerated crack growth. 

From the investigations of the failures the 
following causes have been identified: 

1. Loadings higher than expected; 

2. Vibrational loading excited within opera- 
tional range; 

3. Thin material was unsupported; 

4. Sharp edges and threads caused stress risers; 

5. Poor quality assurance on fabrication, 
welding, handling; 

6. Voids or cracks in cast parts (no x-rays 
made by manufacturer). 

DISCUSSION OF FATIGUE FAILURES 

High Loadings 

The wind energy industry includes the "garage” 
inventors as well as high technology research 
companies. Load analysis of SWECS designs range 
from trial -and-error methods to detailed computer 
programs. Regardless of the degree of design 
sophistication, the designer must use common 
sense and a spatial visualization of conditions 
that may be detrimental to the survival of a 
SWECS. 


Testing has uncovered such basic problems as skin 
material of insufficient thickness to sustain high 
wind loading (Figure 1). Cyclical loading of the 



Figure 1 - Blade Skin, Fatigue Failure due to 

High Loading and no Support Structure. 
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TABLE I - SUMMARY OF WSTC FAILURES 








-HitiiMl ric»?w!i ral 




Windworks 8 kW Proto 


mrnfMi; 


01/28/78 


1 Si tM ?[TT3 1 iiiTniHiriSfTtTniKTtri Wt timi ix riy :UKiF11 


ng, fatigue, ana ductile fracture; tail 
and hardware fatigue; high wind - 94 mph; RFP-3028/ 
3533/79-12. 


at WSTC; bolt failure and subsequent hub loss in 
Wyoming (modified by manufacturer). 


. ill f inn 






mmwM 


i AJI \AWr\ I 11^ I I VIII Vllt/IVIVIWIIf VI 

during high winds; RFP-3041/3S33/79-13. 


Yaw shaft - coarse fatigue - multiple cracks In weld 
heat affected zone; RFP-3004/3533/79/7-1. 


fatigue during gusts to 64 mph; had experienced higher; 
RFP-3035/3533/79-10. 




tall - failure still being Investigated 




(3) fatigue cracks from vibration. 


from severe cut-in torque; Coupling - fracture from 
severe cut-in torque. Blade skins - buckling, fatigue 
and r1 vet pull through; RFP-2992/3533/79-3. 


..MV ..MW M..W. V..VM, ..WWW. W..M. W ..MW 

side; hub collar fracture; 119 mph wind storm. 


■iT?IfJt7ir^MBMCTTnil>wm7iiiuiWnfarn»>nM»niQtT1« 


coupling. 


WW/ # V* ww I V VfW i VI f » Viw VU1 V» I V f tw V 1 f WVI«I#WVI 5 W I VI 

fractured on contact with tall boom; tall boom weld - 
fracture from blade strikes. 


e - fracture from 

high rpm and vibration. 


12/05/78 




Blade - ground contact fractured tip (metal to. f Iber- 
glass); hub collars - fatigue In corner to porosity; 
bolts - cracks In threads ^ fatigue to failure. 

Report In preparation. 

Cracks in welds - noted prior to testing. 


blade In this example created fatigue cracking and 
eventual failure. This created high vibration 
loadings In other components and contributed to 
their failure as well (Figures 2 and 3). 

SWECS which have Induction generators must 
accurately control the rotor rpm and the electri- 
cal connection to the grid. The reverse torque 
from a cut-in at too high a rotor rpm can lead tp 
severe damage to couplings {Figure 4). Secondary 
damage can be suffered by the rotor and nacelle 
support structure. 

The fact that a SWECS Is undergoing mainten- 
ance does not eliminate the possibility of 
damage. A rotor shaft was accidentally bent 
during a manual manipulation of the rotor system. 
The bend was discovered when machine operation 
revealed high rotor vibrations. The associated 
frequencies were close to other component fre- 
quencies and their excitation was also noted. An 
unbalanced rotor can have the same effect and 
lead to fatigue failures In several components. 

The shaft. In this Instance, was loaded to the 
design stress or beyond. 

VIBRATION 



SWECS vibration Is often generated during 
operation of the rotor. The wind loads on the 
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Figure 2 - Tall boom. Attachment fatigue due to 
high stress and vibration. 




Figure 3 - Tail boom. Fatigue emanating from 
attachment holes* 



Figure 4 - Coupling, Failure from high torque 
cutin. 

rotor occur with somewhat random frequencies. 

The frequency durations are short and system 
damping usually prevents excitation from creating 
high loadings. The critical points are when 
SWECS operational frequencies (i.e., rotor rpm) 
coincide with the fundamental frequencies of 
the system components. The rotor blades, in 
particular, are critical because their excitation 


is transmitted throughout the system and may 
cause other component excitation. 

The rotor vibrations of interest are: 1 per 

revolution (IP), 2P, and 3P; 1st, 2nd, 3rd 
fundamental flapwise; 1st torsional; and 1st 
chordwise blade frequencies. The IP, 2P and 3P 
are directly related to operational rpm and 
are excited by rotor imbalance or aerodynamic 
loading (i.e,, tower shadow) generic to some 
SWECS configurations. The critical point is 
where the operational frequency coincides with a 
blade fundamental frequency. 

A typical high vibrational loading failure is 
shown in Figures 5 and 6. The SWECS underwent a 
high energy 3P rotor excitation at a frequency 
where the SWECS and tower interacted (4.5 Hz). 

The vibrational motion was termed '‘violent” and 
led to rapid fatigue growth of cracks in the 
blade skins and welds at the rotor shaft and 
support plate joint. In this case, the skin 
design should have eliminated the stress risers 
(sharp corners) and firmly attached the skin 
around the joint to the support arms. However, 
movement in the skin under operational loadings 
caused fatigue cracking (Figure 5), and weld 
cracking (shown in Figure 6) was initiated by 
severe fflotions of the rotor and tower. The welds 
were found to be of good quality, pointing out 
the need for proper SWECS and tower matching. 
Modal analysis was conducted after the failure 
and after installation of a new unit on a dif- 
ferent tower. The tests confirmed that first 
tower and SWECS interacted. They also predicted 
the new configuration would pass through the 
rotor 3P excitation, with greatly reduced energy 
at a frequency of 2.5 Hz of the tower. A new IP 
excitation was felt to be a possibility (corres- 
ponding to rotor imbalance) but has not been seen 
to date. 



Figure 5 - Overall view of cracks in the skin of 
a blade. The numbers indicate the 
cracks. 
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Figure 6 - Overall view of one of the cracks In 
a plate on the rotor shaft. 


Figure 7 shows a 2-m1nute visicorder trace of a 
SWECS rotor system with a fundamental 1st bending 
frequency of approximately 7 Hz, During the 
modal analysis, it was discovered that two sharp 
frequency peaks existed, one at 6.6 Hz and the 
other at 7,2 Hz. Figure 7 shows there is a 
notable Increase In amplitude of the bending and 
torsion between the corresponding rpm*s noted on 
the trace. An rpm of 396 represents 6.6 Hz and 
420 rpm represents 7 Hz. Modal analysis of the 
loadings that generated this trace confirmed 
that the fundamental bending and torsional 
frequencies were present. 

Several changes could be made to the system to 
rectify this problem, but the problem should have 
been originally noticed in a Fan Diagram and 
designed out as an undesirable operating point. 

A typical Fan Diagram is shown in Figure 8. It 
should be noted that If the diagram Is generated 
by theoretical analysis, it must be substantiated 



Figure 7 - Visicorder trace of bending and 
torsional vibration excitation on 
North Wind Prototype # 1 blade. 


for component compliance with predictions, which 
Is sometimes beyond the manufacturer's capability. 
One possible design change Is to modify the blade 
fundamental frequencies. In this case upward, as 
420 rpm is near maximum for the machine. Another 
change might be to alter the rpm control and not 
allow the critical rpm to be reached. Both of 
these changes would have to be checked for 
Interference frequencies with other components 
prior to implementation. 



RESONANCE DIAGRAM FOR NORTHWIND 2kW SWECS 


Figure 8 - Typical fan diagram. 


Thin Material Loading And Attachment 

When SWECS have metal blades, it Is common to use 
a thin skin covering to create the airfoil shape. 
The substructure could include ribs, stringers 
and spars. The combination of these parts must 
be lightweight, yet strong enough to carry the 
loads. Part interfacing and placement are the 
areas In which problems normally arise. 

The first case in point Involved a SWECS that 
experienced a windstorm while In a maintenance 
orientation. The blades {which consisted of a 
main spar, ribs and skin) experienced buckling of 
the skin between the ribs. The buckling created 
highly stressed areas which fatigued rapidly. 
Figure 9 shows the buckled areas and the resulting 
fatigue cracking. It should be noted that t^e 
cracking also propagated along the leading edge, 
which was due to a tight-bend radius creat;1ng 
residual stresses In a material which was not 
sufficiently ductile. The leading edge crack was 
secondary, but design changes were still required 
to correct the problem. The blade skin between 
the ribs was unsupported and when bending was 
sufficient on the compression side of this 
airfoil, the skin buckled. This Is commonly 
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known as "oil canning*" The redesign Included 
the addition of stringers between the ribs that 
attach to and support the skin, changing the 
leading edge radius and adding a leading edge 
spar. A material change was also made which 
helped to reduce the residual stresses and 
microcracks that are present In tight radius 
bends in brittle materials. These changes 
increased the survival rating by approximately 
30 %. 

The blade failure in Figure 1 was of a siranar 
type, except the rotor was operating and the 
wind exceeded the survival rating. Since the 
nmnufacturer has a different blade for high wind 
speed sites, no redesign was made. 



Figure 9 - View of Blade skin buckling and 

cracking in unsupported area. Note 
leading edge cracks and skin peeling. 

Another blade skin problem which potentially 
leads to fatigue {Figure 10) is the attachment of 
skin sections to the ribs, where the thin skin Is 
a load-carrying component. Riveting alone is 
often Insufficient to transfer the loads. The 
movement between the skin and ribs tends to 
elongate the holes until rivet pullthrough 
occurs, which Increases the stress at the 
remaining rivets. This movement also causes 
galling and fatigue cracking. Using skin doublers 
1n this area (possibly with a bonding substance) 
will clamp the skins to the rib, and load can be 
transferred by friction between the layers as 
well as the rivets. Care must be taken In 
selecting similar materials which do not create 
galvanic action, and In making joints aerodynamic 
so that blade performance is not reduced. 

Stress Risers 

Stress risers are not totally avoidable. However, 
a few simple considerations should be reviewed to 
avoid spontaneous loadings and failures. 


Holes represent a stress Goncentration factor of 
approximately 3. A much higher factor Is possible 
If: 1) the hole Is not deburred; 2) improper 
edge distances are used; or 3) the hole has sharp 
corners (I.e., a square hole). Figure 5 shows 
cracks beginning at sharp corners. Burrs 
in the holes can cause premature failure of the 
fastener as well as the surrounding metal. 
Scratches and notches have the same effect and 
precautions should be taken to avoid them. 



Figure 10 - An example of how skin movement 

caused rivet pullthrough, (arrow) 


Bolts contain stress risers In the threaded area 
and when used In high stress areas or bending It 
is Imperative that no threads are in the bend 
area. Bolts should also be of good quality, even 
if rolled threads are required. 

It is also important to consider the environment 
and materials being used. Corrosion from salt 
water spray or galvanic action may create stress 
risers that lead to rapid failure. Anodized 
coatings and the use of bonding compounds can 
help avoid problems. 

When parts are machined, it Is Important to cut 
proper radi 1 and break al 1 sharp edges. The 
Intersection of two holes should be checked for 
stress risers and such Intersections should be 
avoided as much as possible. 

If the part is cast, x-rays should be taken to 
assure that no voids exist. Figure 11 shows an 
example of a cast part which contained voids. 

The machined hole penetrated the voids, and a 
fatigue crack developed which led to the failure. 
It Is possible that the void alone may have been 
sufficient to cause the failure. 
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The heat affected zone surrounding a weld can be 
an area containing microcracks and residual 
stresses sufficient to cause fatigue cracking 
and eventual fall ure« Figure 12 shows a frac- 
tured weld 1n a highly stressed area of a SWECS 
yaw column. This failure led to the loss of the 
machine, which fell from the tower. Such welded 
areas should be designed away from the high 
stress areas or should be heat-treated to reduce 
residual stresses. Proper welding practices must 
be followed, and the services of a certified 
welder should be obtained whenever possible. 

Proper removal of slag and even the grinding of a 
small portion of the weld surface can help 
prevent fatigue cracking. Where multiple weld 
passes are necessary, the weld area may have to 
be “back ground” to Insure Integrity. Making 
sure of sufficient weld material and a reasonable 
“factor of safety" will also help prevent unwanted 
failure. X-rays of welds are prudent. 



Figure 11 - View of hub which fatigued from 
area of casting voids. 

Quality Assurance 

The manufacturer has a basic responsibility to 
assure the SWECS 1^ manufactured, handled and 
delivered to the dealer without undue degradation 
to the life of the components or system. The use 
of x-rays to check for casting voids and cracking 
In a welded area was discussed In the previous 
sections. Material handling Is Important from 
the Initial fabrication to the final Installation 
of the SWECS. Materials must be kept free from 
damage or alterations of the planned design. 
Fabrication discrepancies located In a highly 
stressed area could lead to premature failure and 
costly replacement. Figure 13 shows three 
variations of the forming of a blade trailing 
edge. If the deformities had been more pro- 
nounced, they conceivably could have affected 
rotor dynamics and caused vibration which 
could have led to fatigue failure. Figure 14 


shows a similar deformity problem and also a 
crease which is the type of damage that initiates 
and accelerates fatigue cracking. 



Figure 12 - View of yaw column fatigue 
in weld. 



Figure 13 - Variations In manufacturing the 
trailing edge can lead to aero- 
^namlc Instability. 

Shipping the SWECS to a buyer* s site can be 
costly If the packaging is insufficient to 
protect the components. Figure 15 shows a crate 
which was destroyed during shipping, resulting 
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In blade skin damage (arrow) which required re- 
placement at the manufacturer's expense. Figure 
13 shows how the blades were subsequently shipped 
In a box with plywood sides and foam dividers 
between sthe blades and the sides. While this 
method of shipping Is more costly. It will 
probably be cheaper than replacing damaged parts. 



CONCLUSIONS 

Prevention of fatigue failures Is within the 
capability of even the most financially restrict- 
ed companies. The reliability and safety of a 
system depend on doing the best designing, 
manufacturing, and Installing possible. Where 
long-range survivability predictions are needed, 
component and system testing becomes necessary. 
While manufacturers do conduct tests, limited 
funds and equipment usually restrict such 
tests. Computer programs are avail able^whlch 
may aid those designers and manufacturers who 
suffer these restrictions. In addition, the 
WSTC plans to perform fatigue tests on SWECS 
components under atmospheric loading conditions, 
and Rocky Flats personnel are available to 
discuss fatigue problems and aid in analysis. 
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Figure 14 ^ View of blade manufacturing damage, 
(arrow) 



Figure 15 - View of packing crate damage and 
damaged blade skin, (arrow) 
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QUESTIONS AND ANSWERS 


C»A. Waldon 


From: G . P . Tennyson 

Q: The presentations (not just yours) indicate what the manufacturers did to contri^ 

bate to problems and failures. Will there be similar presentations concerning the 
DOE/Rockwell contributions? 

A: Some of the DOE /Rockwell contributions to failures are inoluded in Table J, hut 

since they weve not characteristic of fatigue^ they were not discussed (i.e.j 
AWT (TIED) rotor failure) , This is a good lesson from a big mistake we made and 
reported* It will be brought up again and presented in the Reliability and Safety 
Program output. 

From: W. Frost 

Q; a) Are the statistics and causes of failure reported and available ,to the public? 
If so, how does one get a copy? 

b) How were the 120 mph (or 94 mph) winds you mentioned measured and where were 
they measured relative to the WTG? 

A: a) All failures are reported^ including the mistakes made during the testing. 

All are considered useful lessons and specific requests should be made to 
Mr. Darrell Dodge ^ Rockwell^ Int.^ P.O. Box 464^ Golden^ CO 80401 - Attn: 

Wind Systems Program or call S0S/441--1S61 . 

h) The winds were measured by Prop vane anemometers located upwind of the SWECS 
tower. Anemometer height was 6 ft below rotor centerline and approximately 
5 rotor diameters upwind. 

From: F.W. Perkins 

Q: What do you consider "acceptable" failure behavior for prototypes? Are any fail- 

ures acceptable? What RFP initiatives could reduce failures, e.g., extended 
contractor testing? 

A: Failures are costly^ but may be a useful data point if verification of design ulti- 

mate strength is desired. Failures outside of "testing'^ are hurting the entire 
industry . Extended testing is part of the Rocky Flats Plant (RFP) plan for proto- 
type^ manufacturer testings . 

From: W.C. Walton 

Q: Would you agree that the failures you have shown stem from deficient detail struc- 

tural design techniques? If so, why do you connect them so strongly with aero- 
dynamics? 

A: Most of the failures are structural in nature ^ but it is the difference in theo- 

retical to actual which appears to create a failure for an otherwise adequate de- 
sign. Analysis should look at nonoperating conditions and be verified for all 
conditions . 
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PERFORMANCE TESTING OF A 50 kW VAWT IN 
A BUILT-UP ENVIRONMENT, 


Lawrence A. Schienbein 
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Mississauga, Ontario 
Canada. L5L 2V8 

ABSTRACT 


The results of performance tests of a DAF Indal 50 kW vertical axis wind turbine 
carried out at the Company's plant near Toronto, Canada, are presented. Results of 
limited free stream turbulence and vertical wind shear measurements at the site are 
also presented. The close agreement between measured and predicted energy outputs, 
required to verify the wind turbine power output performance relationship, was not 
attained. A discussion is presented of factors that may have contributed to the lack 
of better agreement. 


INTRODUCTION 

Free stream performance testing of a DAF 
Indal 50 kW vertical axis wind turbine 
was carried out at the Company's plant 
in Mississauga, Ontario, Canada under 
contract to the National Research 
Council of Canada. The wind turbine was 
erected at the plant in February, 1980, 
for pre-delivery trials. 

The installation site (Figure 1) did not 
exhibit unobstructed exposure or strong 
and steady winds. In addition, the 
time available for testing was limited 
because the "windy" season usually ends 
in April, However r the urgent need for 
reliable performance data and the advan- 
tage of immediate access to the wind 
turbine weighed heavily in the decision 
to proceed with performance testing. 

WIND TURBINE 

The DAF Indal 50 kW vertical axis wind 
turbine (Figure 2) was designed as a 
demonstration machine for parallel 
operation with electrical power networks. 
The characteristics of the unit tested 
are given in Table I. 

The induction generator can be operated 
in both the wye and delta winding con- 
figurations to take advantage of the 
reduced generator losses in wye at low 
power outputs. The control system 
commands a change from wye to delta when 
the power output exceeds about 30% of 
the rated generator output. The control 
system also disconnects the generator 
from the network when the rotor speed 
drops below the synchronous speed, to 
minimize motoring. The control func- 
tions described were overridden during 
performance testing so that data could 
be gathered for operation in both wye 
and delta, above and below the power 
production threshold wind speeds. 


TEST SITE 

The test site is shown schematically in 
Figures 3 and 4. The location of the 

wind turbine was determined by the fact 
that the guy anchor footings had to be 
on the Company's property. The base of 
the wind turbine rotor was at approx- 
imately the same elevation as the roof 
of the DAF Indal plant building. 

The plant is located in a light indus- 
trial and warehouse area. Most of the 
buildings are between four and 10 meters 
high, and many have floor areas of sev- 
eral thousand square meters. The DAF 
Indal plant is 10m high and occupies an 
area of almost 10,000 square meters. 

The closest obstructions to the wind 
turbine were the plant building and the 
test platform building (approximately 7m 
high) as shown in Figures 1 and 3. 

Large buildings, about 10m high, were 
located approximately 120 meters north- 
east, 120 meters north and 80 meters 
northwest of the wind turbine. In add- 
ition, construction staging (16m high) , 
that had been installed to gain access 
to the spoilers, remained in place dur- 
ing the tests, seven meters south of the 
rotor axis, just clear of the rotor. 

The anemometer tower was installed 18 
meters west-southwest of the rotor, in 
order to be generally upwind during the 
relatively strong wind periods in Feb- 
ruary, March and April, based on long 
term data for the nearby Toronto Inter- 
national Airport. At this distance, the 
upwind free stream should not be sig- 
nificantly influenced by the flow thr- 
ough the rotor (ref .1) . 

Anemometers were installed at 10.5m and 
18.3m above the base of the tower. The 
upper anemometer, used exclusively for 
performance testing, was 1.9m above the 
rotor equator. The lower anemometer 
was used for wind shear measurements 
only. 
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INSTRUMENTATION 

Wind turbine power output performance 
data, performance verification data and 
some data describing the characteristics 
of the free stream were gathered. An 
instrumentation schematic is shown in 
Figure 5. 

A rotating disc watthour meter recorded 
the net energy output or consumption of 
the wind turbine. Wind speed was re- 
corded by a wind histogram recorder, 
which measured two second average wind 
speed continuously and incremented the 
appropriate bin counter (0.5 m/s bin 
widths) . One second average wind speed 
was also displayed digitally. 

Both cup anemometers were identical and 
of research grade, with a manufacturer's 
quoted response distance constant of 
1.52 meters. 

TEST METHOD 

Performance data were recorded when the 
anemometer was believed to be outside of 
the influence of the flow through the 
rotor. Although the anemometers were 
positioned to be upwind of the rotor 
for the predicted strong wind directions, 
it turned out that during the period 
of testing, the strongest winds blew 
over one half the time from the direc- 
tions such that either the anemometer 
was immersed in the rotor wake, or the 
wake of the main plant building. As a 
result, the periods during which perfor- 
mance data could be collected were very 
short. Most of the data were recorded 
during the passage of storms. Wind dir- 
ection changes of about 15 to 30 degrees 
were commonly observed as strong gusts 
developed. Given these conditions, it 
is probable that some performance data, 
later used to define the performance 
curves, were acquired while the anemom- 
eter was influenced by the rotor wake, 
even though care was taken to eliminate 
such data. 

The wind speed frequency distribution 
(or wind histogram) and the elapsed time 
were recorded for an exact number of 
watthour meter disc increment markers 
(100/rev.) to pass a reference mark. 

The elapsed time for each test run was 
typically between five and 25 seconds. 
Measurements were made when the disc 
speed was thought to be steady, and the 
wind speed and power output were thought 
to be reasonably well correlated. The 
method turned out to be tedious and 
time consuming. 


The wind turbine performance could not 
be well defined for wind speeds in ex^- 
cess of about 14 m/s because operation 
was restricted to wind speeds less than 
16 m/s pending the analysis of experi- 
mental blade stress data, (The wind 
turbine actually did operate at speeds 
in excess of 16 m/s for very short per- 
iods, during gusts) . 

Barometric pressure and temperature were 
recorded for each series of test data. 

Performance verification data were re- 
corded in the same manner as the per- 
formance data except that the test runs 
were several minutes, rather than sev- 
eral seconds, in duration. 

Wind shear data were gathered by simul- 
taneously recording the wind speed fre- 
quency distributions measured by the two 
anemometers for periods of between one 
half and four minutes. Alongwind turbul- 
ence data consisted of wind speed freq- 
uency distributions measured by the upper 
anemometer for periods of up to 15 irinutes. 

PERFORMANCE TEST RESULTS 

A total of 416 and 212 useful data sets 
were acquired in the delta and wye gen- 
erator configurations respectively. The 
wind histogram record for each set was 
reduced to the effective cubic weighted 
average wind speed for the test period 
(i.e. the steady wind speed having the 
energy equal to that represented by the 
actual wind speed frequency distribution 
for the test run) • The average power 
output for each test run was proportional 
to the number of disc increments recor- 
ded, divided by the elapsed time. 

Two random data analysis methods were 
used to determine the power output 
versus wind speed relationships, 

(1) The’ method of bins (ref. 2 and 3) , 
Here the data sets were grouped 
into wind speed bins (0.5 m/s width) 
and the average power was determined 
for each bin. The results for wye 
and delta are shown in Figures 6 and 
7 along with best fit curves. These 
curves intersect at about 7.5 kW 
which is unexpectedly low. Data 
in the wye configuration were lim- 
ited to power outputs below about , 

12 kW because the slip of the gen- 
erator is such that at higher power 
outputs the wind turbine automat- 
ically shuts down due to over speed. 

The test data were also binned by 
power; the results are shown in 
Figures 8 and 9. To the knowledge 
of the author, power binning has not 
been proposed previously. The re- 
sults for power and wind speed 
binning are in good agreement ex- 
cept for delta configuration at 
power outputs greater than 30 kW. 
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The measured standard deviation is shown 
for each bin. These indicate the com*- 
bined effects of the imperfect correla- 
tion between measurements of power and 
wind speed and the error in the individ- 
ual power and wind speed measurements. 

The correlation effect dominates, since 
the power measurement error was estim- 
ated to be less than nine percent and the 
wind Speed measurement error was estimat- 
ed to range from 16 percent at two m/s 
to only three percent at 15 m/s. 

(2) The method of frequency matching 
(ref. 3) . Here the power curve is 
defined as the sets of measured power 
and wind speed points which have equal 
cummulative probabilities. The results 
of frequency matching are shown in Fig- 
ures 10 and 11, There is seen to be 
good agreement between these data and the 
best fit curves for wind speed binning. 

WIND SHEAR AND TURBULENCE TEST RESULTS 


Indal plant building lying about 50m up- 
wind , 


The measured power law exponents for 
southwest winds are unusually high, in- 
dicating the large shear in the near wake 
of the test platform building lying 10 
meters upwind of the anemometers. Alth- 
ough 42 performance data points (wye and 
delta combined) were collected while the 
wind was from the southwest, it is 
believed that the overall effect on the 
performance curves was small. 

POWER OUTPUT PERFORMANCE VERIFICATION 


The validity of wind turbine power output 
performance Gurves is determined by com- 
paring measured energy outputs (ideally 
for periods of at least several hours) to 
those calculated using the relationship. 




(V)P(V)dV where 


Alongwind RMS turbulence (gustiness) can 
be estimated using wind speed frequency 
distributions of several minutes dur- 
ation. The ratio of the standard dev- 
iation to the average wind speed is a 
measure of the alongwind RMS turbulence 
intensity. 

Data were recorded using the upper 
anemometer (18,3 m) . Test runs were 
grouped by wind direction in order to 
investigate the effect of surrounding 
structures. The results of the data 
analysis, shown in Table II, are con- 
sistent with other published turbulence 
data for the same general surface feat- 
ures. There does not appear to be any 
significant correlation between turbul- 
ence intensity and wind direction (i.e. 
surrounding structures) at the measure- 
ment height of 18.3 meters. The tur- 
bulence intensity in the rotor wake, 
measured 18 meters from the rotor axis, 
is approximately twice that measured in 
the free stream. 


F(V) is the measured probability density 
of wind speed, P(V) is the measured wind 
speed power output function, V. and 
are the wind speed limits for the test 
period, and T is the elapsed time. 

Verification test runs were carried out 
for durations of several minutes only; 
the measured and calculated outputs are 
shown in Table IV. Calculated values 
are based on the curves shown in Figures 
6 and 7. (Data from several performance 
verification test runs could not be used 
because the wind speed frequency dis- 
tributions included wind speeds above 
which the performance curves are not 
defined) , 

The agreement between measured and pre- 
dicted energy outputs is sensitive to 
the assumed best fit positions of the 
performance curves. However, it is 
probable that other factors contributed 
in part to the difference between the 
measured and calculated values. 


The results of the wind shear data 
analysis are shown in Table III. The 
value of the power law exponent in each 
case was based on linear regression of 
the upper anemometer average wind speed 
on the lower anemometer wind speed. 

The measured power law exponents appear 
to correlate with the proximity of the 
structures upwind of the anemometers. 

The exponent for northeast winds is the 
lowest of those measured, consistent 
with the unobstructed exposure for more 
than 120m upwind. The exponents for 
northwest winds are somewhat higher 
than those recorded for the northeast, 
indicating the effect of the building 
lying about 70 meters upwind. The 
exponents for south winds are the second 
highest recorded, clearly showing the 
influence of the west corner of the DAF 


(1) A significant portion of the test 

data used to define the performance 
curves could have been acquired 
while the anemometer was influenced 
by the rotor wake, even though care 
was taken to eliminate such data. 

The effect of a shielded anemometer 
is to shift the performance curves 
to lower wind speeds; therefore 
calculated energy outputs, based 
on these curves and the measured 
wind speed distributions, will be 
too high . Figure 12 shows data 
acquired with the anemometer known 
to be shielded. The effect of ane- 
mometer shielding is also shown in 
Table IV which includes the results 
of two performance verification test 
runs carried out with the anemometer 
in the wake of the rotor- 
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(2) The wind field at the test site 
would be perturbed because of the 
buildings surrounding the wind tur- 
bine (ref. 4 and 5) . Therefore the 
wind speed distributions measured 
by the anemometer during the short 
performance verification test per- 
iods may have been significantly 
different than those experienced by 
the wind turbine. 

The closest obstructions to the wind 
turbine were in the sector east to 
south-west of the rotor, which co- 
incides* with the two poorest per- 
formance verification test res- 
ults. Power output and wind speed 
were frequently observed to be un- 
correlated for periods of up to 10 
seconds, except with the anemom- 
eter directly upwind of the rotor. 
The magnitude of the measured power 
output standard deviations confirms 
these observations (Figures 6 and 
7) . They are about ten times 
greater than those reported from 
tests of a Grumman Winds tream 25 
wind turbine (ref. 3) at Rocky Flats, 
Colorado based on 30 second average 
data, and a DAF Indal 50 kW mechan- 
ically coupled vertical axis wind 
turbine near Bushland, Texas (ref. 

6) based on 15 second average data. 
Both sites have unobstructed expos- 
ure. 

It was also observed that the wind 
turbine power output did not follow 
wind speed fluctuations of two to 
three m/s having durations of five 
seconds or less (based on contin- 
uous one second averages) even with 
the anemometer upwind and taking 
into account a time delay. This 
suggests that, in the perturbed 
flow, a significant fraction of the 
wind energy was not captured be- 
cause it was associated with fre- 
quencies above the wind turbine res- 
ponse cut off frequency (ref. 7). 

CONCLUDING REMARKS 

The problems associated with wind turbine 
testing in a turbulent wind were amp 11-^ 
fied because of the effect of surround- 
ing structures. Nevertheless perfor- 
mance curves for the DAF Indal 50 kW 
vertical axis wind turbine were obtain- 
ed. The results of the performance data 
analysis, using the method of bins (wind 
speed binning) and the method of freq- 
uency matching are in good agreement. 

The close agreement between measured 
and predicted energy outputs required 
to verify the performance curves was not 
attained. The characteristics of the 
perturbed wind stream are believed to be 
partly responsible for the lack of better 
agreement . 


The measured turbulence intensities 
(based on two second average wind histo- 
gram records) were consistent with other 
data for similar terrain features. The 
results of wind shear measurements did 
correlate with the position of surround- 
ing structures and provided strong evi- 
dence of the effect of these structures 
on the wind stream seen by the wind tur- 
bine. 

The benefit of wye to delta generator 
winding changes was found to be signifi- 
cantly less than expected. However, free 
stream wind turbine testing is an indir- 
ect technique for determining the loss 
characteristics of an induction gener- 
ator. A small shift in the position of 
either the wye or delta performance 
curve will result in a significantly 
different point of intersection. 

Although the wind and site conditions 
hampered data acquisition, the manual 
data acquisition method that was used 
may be more successful at other un- 
obstructed test sites experiencing 
strong and steady winds. 
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Table 1 


DAF Indal 50 kW Vertical Axis Wind Turbine 
Description of the Unit Used for Per fo mane e Tesfeing 


Generic Description 

Vertical axis wind turbine generator 
Darrieus Type. Troposkien blade shape. 


Transmission 


Type Single stage spur gear (bull gear) 
and pinion. Spray lubricated. 
Vertical shafts. 


Rdtor 


Ratio 15 


Number of Blades 
Height 

Diameter at Equator 
Capture Area 
Speed 

Rotor Column 

Weight 

Struts 


Blades 

Material 

Airfoil 

Chord 


2 

16 .8 m 
11.1 m 
121 m* 

80 rpm 

0.6 m dia. steel pipe 
3100 kg 
2 


The bull gear also serves as the brake disc. 


Generator 


Type 

Rating 

Voltage 

Speed 

Frequency 


Induction 
56 kW 

575 V three phase 
1200 rpm 
60 Hz 


Extruded aluminum alloy 
NACA 0015 
0.36 m 


The generator also serves as the starting 
motor 

overspeed Control 

Primary control by means of the rotor 
mounted automatic disc brake. Secondary 
control by means of aerodynamic spoilers ^ 

mounted on the blades and deployed automatically 


wind 

Direction 

Alongwind 

TABLE II 

Free stream Turbulence 

Test Results 

Total Number 
of Test Runs 

Average Wind Speed 
at 18.3m (m/s) 

Average Alongwind 
RMS Turbulence at 
18.3m 

NE 

3 

4.6 


0.15 

NNW 

5 

6.2 


Q.18 

NW 

11 

9.5 


0.18 

SW 

3 

5.4 


0.18 

S 

2 

6.1 


0.21 

*NE 

1 

7.8 


0.35 

*NE 

1 

9.9 


0.37 

*NE 

1 

10 


0.28 

*NE 

1 

10.4 


0.30 


* Anemometer in the rotor wake. 
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TABLE III 


Wind Shear Test Results 

Wind Direction Total Number Range of Average Wind Shear Power Law 

of Test Runs Wind Speed for the Exponent Determined by 
Upper Anemometer (m/s) Linear Regression 


NE 

10 

3,4 to 5 

0.14 

NW 

12 

4.4 to 6 

0.18 


15 

6 to 8.5 

0.23 


27 

4.4 to 8.5 

0.21 

SW 

15 

4.2 to 6 

0.32 


14 

6 to 8.4 

0.52 


29 

4.2 to 8.4 

0.47 

s 

5 

2.6 to 6.1 

0.22 


7 

6.1 to 8.3 

0,28 


12 

2,6 to 8.3 

0.26 


Table IV 

Performance Verification Test Results 


Generator 

Winding 

Configuration 

Duration 
Test Run (T) 
in Minutes 

Wind Speed 
Range in m/s 

Wind 

Direction 

Measured 
Energy in 
kWh* 

Calculated 
Energy (E) 
in kWh** 

Ratio of 
Measured to 
Calculated 
Energy 

Wye 

7.1 

4,3 

9.8 

W 

0.23 

0.33 

0.70 


19.8 

2.8 

9.8 

S 

0.23 

0.4D 

0.58 


13.3 

3.8 

10 . 2 

SW 

0.S3 

0.85 

0.62 


11.8 

3.8 

10.2 

w 

0,59 

0, 72 

0.82 


5.2 

5.8 

10.2 

NW 

0.59 

0.67 

0.88 


Delta 

6.7 

4.3 

9.8 

W 

0.35 

0.39 

0.90 


7.1 

3.8 

11.3 

NW 

0,47 

0.56 

0.84 


7.0 

4.3 

9.8 

NW 

0.41 

0.52 

0.79 


6.0 

4.8 

10.7 

NW 

0.58 

0.71 

0.82 


5.8 

5.3 

10.7 

NW 

0.58 

0.79 

0.73 


12.9 

4.8 

13.7 

NW 

2.61 

3.12 

0.84 


29.2 

3.8 

13.2 

NW 

3.79 

4.45 

0,85 


*10.7 

3.3 

16 . 2 

NE 

4.60 

2.12 

2.17 


•11.6 

3.3 

16.2 

NE 

5.06 

3.45 

1.47 


♦ Anemometer In the wake of the rotor. 

** Determined using the curves in Figures 6 and 7. 

* Corrected to freestream air density of 1.253 kg/m^ . 
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Figure 1 VIEW OF THE TEST INSTALLATION 
SITE LOOKING SOUTHWEST 



Figure 2 SCHEMATIC OF THE DAF INDAL 
VERTICAL AXIS WIND TURBINE 
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575 V 3 PHASE 


FIGURE 5 TEST iHSTRUfBITATIOH SOIEflATIC 
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QUESTIONS AND ANSWERS 


L , A. Schienbein 


From: Bill Wentz 

Q: How is your spoiler actuated? 

A: The spoilers are latched by electromagnets installed in the blades. When over speed 

is sensedj the current to the electromagnets is interrupted and each spoiler deploys 
as the result of a combined aerodynamic and centrifugal moment. 

From: Tom Bellows 

Q; Why did you not put the anemometer on top of the rotor tower? 

A: This was considered. We were advised by others who had mounted anemometers above 

the rotor y that anemometer maintenance was a problem and that anemometer life 
would be substantially reduced. Furthermore y given the nature of the test sitCy 
we believed that it would not be possible to reliably correct the measured wind 
speeds to the rotor equator height. 


From: R, Edkin 

Q: During your wind turbine operation, did you experience any problems using an in- 

duction generator? With Wye or Delta connections? 

A: Wo to both questions . 
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CALCULATICfj OF GUARANTEED MEAN POWER FROM WIND TURBINE GENERATORS 


David A. Spera 


National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 


ABSTRACT 

Much research has been devoted to the nominal power generated by wind machines, but little work has 
been done on the subject of guaranteed power. Yet power guarantees will be part of the 
commercialization of wind energy systems. This paper describes in step-by-step fashion a proposed 
method for calculating the “guaranteed mean" power output of a wind turbine generator. The term "mean 
power” as used in this study refers to the average power generated at specified wind speeds during 
short-term tests. Extrapolation to an annual mean power, based on wind statistics, is beyond the scope 
of this paper. Guaranteed energy is not addressed. The DC£/NASA Mod-OA 200 kW plant in Clayton, New 
Mexico, is used as a sample case. Subjects discussed and illustrated are correlation of anemometers, 
the method of bins for analyzing non-steady data, the PROP Code for predicting turbine power, and 
statistical analysis of deviations in test data from theory. Guaranteed mean power density for the 
Clayton Mod-OA system was found to be 8 watts per square meter less than theoretical power density at 
all power levels, with a confidence level of 0.999. This amounts to 4 percent of rated power. 


INTRODUCTION 

As the commercialization of wind turbine 
generators progresses, there will be increased 
demands by purchasers for guarantees on power 
output. Such guarantees are common for thermal 
and nuclear power plants, and there is no reason 
to believe that wind power plants will be an 
exception. However, guaranteeing the performance 
of a wind energy system presents two major 
problems which sellers of conventional plants do 
not have to face. First, unlike conventional 
fuels, the energy content of the wind "fuel" is 
not easy to sample. Second, wind turbines 
normally operate in a transient state, unlike 
conventional plants which can be placed in a 
steady state in practice as well as in theory. 
Thus, the developers of wind energy systems are 
faced with both the requirement of guaranteeing 
system performance and suDstantiai difficulty in 
satisfying that requirement. 

Methods for predicting the nominal power output 
of a wind turbine have been studied extensively 
and reported in detail. A recent comprehensive 
review of almost 140 references on the 
aerodynamic behavior of wind energy systems is 
given in reference 1. However, the subject of a 
guaranteed power output does not seem to have 
been addressed in the literature. This is not 
surprising since guarantees imply 
commercialization, field test experience, and 
statistical analysis of data, all of which are 
rather recent additions to the wind energy 
field. The major purpose of this paper, then, is 
to stimulate discussion and publication of 
guaranteed as well as nominal performance data 
for wind energy systems. In addition, a proposed 
procedure is made available now to the analyst 
who is in the process of predicting wind turbine 
pow^r for guarantee purposes. 

The term "mean power" as used in this study 
refers to the average power generated at 
specified wind speeds during short-term tests. 


Extrapolation to an annual mean power, based on 
wind statistics, is beyond the scope of this 
paper. Guaranteed energy is not addressed. The 
proposed procedure for arriving at a guaranteed 
power will be described and documented by means 
of a sample case. The DOE/NASA Mod-OA 200 kW 
wind turbine generator will be used in this 
example. The design of this machine is 
described in detail in reference 2. While the 
Mod-OA is a large horizontal-axis wind turbine, 
procedures described in this paper may apply 
equally well to vertical-axis and small 
horizontal-axis wind turbine generators. 


PROCEDURE 

Most wind turbine generator systems can be 
represented by the schematic diagram shown in 
Figure 1. This idealized figure is the basis 
for many of the terms used later to describe 
measurements, calculations, and results. The 
system consists of a turbine, a transmission, 
and a generator, with a wind power input and 
wind, thermal, and electrical power outputs. 

For reference to measurement points, the system 
is divided by stations, in accordance with usual 
practice in analyzing fluid flow. Station 0 is 
along the turbine mid line and far enough upwind 
to be undisturbed by the turbine. An anemometer 
is required at Station 0 to measure free-stream 
wind speed. An anemometer at Station 1 would 
measure turbine input wind speed, while turbine 
output wind speed would be measured at Station 2 
on the midline. The turbine output shaft is 
also at Station 2, though it may actually be 
located upwind of the turbine. Stations at the 
output shafts of successive stages in the 
transmission are designated 2,1, 2.2, etc. Any 
of these shaft stations could be the location of 
torque and speed sensors. System electrical 
output and wind output occur at Station 3. 
Thermal output from power- train losses occurs 
between Stations 2 and 3. The station numbers 
in Figure 1 follow the usual notation for 
one-dimensional aerodynamic analysis. 
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Test Installation 

Figure 2 illustrates the relative locations of 
the Mod-OA 200 kW wind turbine generator and its 
auxiliary anemometer tower, outside Clayton, New 
Mexico. The anemometer tower is approximately 
50 meters to the southwest of the wind turbine 
in the direction of the prevailing wind. The 
anemometer at Station 0, at the 30 meter 
elevation on the turbine midline, measures the 
free-stream wind speed. A second anemometer is 
located just upwind of the rotor, at Station 1, 
and measures the turbine input wind speed. 
Turbine shaft torque and shaft speed are 
measured by sensors located at Station 2, 
between the turbine and the gearbox. Generator 
output is measured at Station 3, in the ground 
control enclosure. 


Calculation Steps 

The procedure for calculating guaranteed power 

will be divided into eight steps, as follows. 

1. Correlation of free-stream and turbine input 
(or output) anemometers, located at Stations 
0 and 1 (or 2), respectively. 

2. Correlation of performance test data taken 
at various stations, such as wind speed at 
Station 1 with shaft torque and speed at 
Station 2, and with electrical power at 
Station 3. 

3. Calculation of wind power input concurrent 
with test data, using the correlation 
obtained in step 1. 

4. Calculation of theoretical turbine output 
power. 

5. Analysis of deviations between measured and 
theoretical turbine output power. 

6. Estimation of lower bound on the mean 
deviation from theory, for a specified 
confidence limit. 

7. Analysis of power-train losses. 

8. Calculation of guaranteed mean power output, 
for the turbine and the system. 

Each of these steps is illustrated by means of a 

sample calculation for the Clayton Mod-OA wind 

turbine generator. 


Method of Bins 

Much of the data analysis in this study was done 
using the "method of bins", a statistical 
procedure (ref. 3) which has been used 
extensively to reduce wind turbine data (refs. 

4, 5, and 6). For the purposes of this study, 
application of the method can be summarized as 
follows: 


1. A "bin" is a data storage unit labeled 
with a nominal wind speed and containing a 
compartment for each sensor. Nominal wind 
speeds are selected to cover the operating range 
at intervals of 1.0 meter per second. In this 
study there are 15 wind speed bins each with 
four sensor compartments. 

2. For each rotation of the turbine rotor 
(a period of 1.5 sec.) average readings from all 
sensors are stored in the same bin, in their 
respective compartments. The bin is selected 
according to the turbine input wind speed. 

3. Median values are calculated for the 
contents of each compartment in each bln. Thus, 
brie data set for this study was reduced to 60 
compartment median values. 

4. Conpartn^nt median values are assumed to 
be concurrent. No assumption is made concerning 
the concurrence of any data values other than 
the compartment medians. 

The method of bins has been found to be 
particularly useful for the non-steady 
conditions under which wind energy systems 
tperate. Correlation between data from sensors 
on the machine and data from anemometers placed 
away from the machine is generally improved when 
the method of bins is used in place of time 
coincidence. 


CALCULATIONS, RESULTS, AND DISCUSSION 

Step 1; Correlation of Free-Stream and Turbine 
Anemometers 

With the wind turbine producing on-line power, 
simultaneous measurements of free-stream wind 
speed and turbine input wind speed were taken 
and analyzed using the method of bins. The 
resulting pairs of compartment median wind 
speeds were then cross-plotted as shown in 
Figure 3. Each data point in this figure 
represents one bin of data with a speed range of 
l.Q meter per second, measured at the turbine 
input. Eight separate operating periods are 
included, totaling 26.4 hours and over 63,000 
pairs of measurements. Bins at wind speeds more 
than 1.0 meters per second above rated have been 
eliminated because pitching the blades changes 
the trend of the data. Also, a correlation 
equation at wind speeds above rated is not 
required for efficiency calculations. 

Regression analysis was used to fit a 
correlation line to the data in the following 
form; 


Vq = a + bVp m/s (1) 

Vq and Vi are the median values of bins of 
free-stream and turbine input wind speeds, 
respectively. The empirical constants for the 
Clayton Mod-OA wind turbine are as follows: 
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a = 3 • 39 m/s 
arxl 

b = 0.667 

The scatter about the curve-fit line in Figure 
3 can be attributed to variations in wind 
direction, yaw heading errors, and turbulence. 
This amount of scatter is to be expected, and 
therefore the data set must be large enough to 
randomize the variations. In addition, the 
machine must be operating as designed at all 
wind speeds, in order to produce the correct 
retardation in the free-stream wind speed. 

Step 2: Correlation of Performarce Test Data 

Table I lists all the performance test data 
Which were used in this study to calculate the 
guaranteed mean power of the Clayton Mod-OA wind 
turbine. These data were recorded during (a) 

2.2 hours of on-line operation on January 10, 
1978, (b) 4.6 hours of on-line operation on 
January 18, 1978, and (c) during a shop run-in 
test of a similar unit in Decerriber 1979. The 
latter data will be referred to during 
Calculation of power-train losses. 

The method of bins, as incorporated in the NASA 
data system (ref. 6 ) , reduces a large data set 
to a concise summary while maintaining 
acceptable correlation and accuracy. Though 
Table I is brief, it contains bin compartment 
medians calculated from over 65,000 separate 
measurements. For each wind speed bin, 1.0 
meter per second in range, the following median 
values of data in corresponding compartments are 
required for this analysis: 

1. Turbine input wind speed Vi, measured at 
Station 1 (see Fig, 2 for stations). 

2. Turbine shaft torque Q 2 , measured at 
Station 2. 

3. Turbine shaft speed ^2 , measured at 
Station 2. 

4. Generator output power P 3 , measured at 
Station 3, in the ground control enclosure. 

The bins are nuirtoered for later reference in 
successive tables. 

No special machine operations were performed to 
obtain the on-line data in Table I. Data were 
recorded during the initial lCX)4^r acceptance 
test of the machine, under normal utility 
operating conditions. Records 1 and 2 each 
contain at least one start-stop transient 
operation, which can be accommodated 
automatically by the data analysis system. 

Step 3: Calculation of Wind Power Input 

*?Wind power input" refers to the power density 
of the free-stream wind at the turbine mid line 
(Fig. 1), expressed in watts per square meter. 
All efficiency values are referenced to this 
wind power density, which is calculated 
according to the following fundamental equation: 


Po“fVo, W/m^ (2) 

The free-stream wind speed Vq in this 
aquation is calculated for each bin using 
Equation (1) and the tuibine input wind speeds 
Vi from Table I. The results are listed in 
the second column of Table II. 

The air density p in Equation (2) should be 
calculated from temperature and barometric 
pressure measurements made during the recording 
of power data. Use of Standard Atmosphere 
density data is not recommended. As shown in 
Figure 4, there is about a 5 percent difference 
between Standard Atmosphere density for the 
Clayton midline elevation and the actual 
densities at the time of the two test runs. 

This difference is too large for efficiency 
calculations. The average local air density of 
l.lOl kilograms per cubic meter was used to 
calculate the free-stream wind power densities 
listed in the third column of Table II. 

Step 4: Calculation of Theoretical Turbine 

Output Power 

The calculation of guaranteed mean power is 
essentially a calibration of a specified theory 
for predicting the aerodynamic performance of a 
wind turbine. As mentioned previously, there 
are a variety of such theories available (ref. 

1) . Without questioning the validity of various 
theories, it is clear that deviations between 
test data and theory will differ for different 
theories, leading to different calibrations. 
Therefore, it is important to specify the 
theoretical method useo as a basis for 
predicting guaranteed mean power . 

In this study, theoretical turbine output power 
was calculated by means of the PROP Code, 
described in references 7, 8 , and 9. This code 
is in the public domain, and the references 
present the theoretical basis for the 
computational procedures in it. Quasi-static 
aerodynamic behavior is assumed. Data for the 
NACA 23000 series airfoils on the Mod-OA turbine 
were obtained from reference 10. Lift and drag 
coefficients for smooth and standard roughness 
airfoils were averaged, to approximate a NASA 
roughness condition. 

The fourth, fifth, and sixth columns in Table II 
list the results of theoretical calculations of 
turbine output power for each bin. The 
tip-speed ratio is calculated from the equation 


X = Rf^^/VQ (3) 

in which the radial dimension R is 18.9 meters 
(including the effect of 7 degrees of coning) , 
and the turbine shaft speeds Q 2 a^e given in 
Table I. 


141 



Theoretical turbine efficiency is a function 
of A and is independent of the air density. 
However, the turbine power density does depend 
on air density and is calculated as follows: 

P2,th“V0> 

Step 5: Analysis of Deviations from Theoretical 

Power 

Experimental turbine power densities are listed 
for each din in the seventh column of Table II, 
To calculate turbine power density from the data 
in Table I, the following equation is used: 


?2 - Q2^2^^* 

The constant A is the swept area of the 
turbine, equal to 1123 square meters for the 
Mod-OA rotor. Experimental turbine efficiency 
was then calculated by dividing turbine power 
output by wind power input, as follows: 


riz = Pj/Po 


( 6 ) 


Experimental and theoretical peak efficiencies 
were found to be approximately the same and 
equal to O.Al. 

Experimental turbine efficiencies are compared 
with theory in Figure 5. Theory is shown by the 
dashed line, and the solid line denotes a power 
output controlled to 200 kilowatts.' The latter 
portion of the efficiency curve does not depend 
on theory. Therefore data at rated power have 
been deleted from Figure 5. 

In general, the correlation shown in Figure 3 is 
good between experiment and theory. However, a 
quantitative measure of the correlation is 
required before guaranteed mean power can be 
calculated. To obtain this quantitative 
assessment, deviations from theoretical turbine 
power density are calculated as follows: 

®P2 = P2 - P2,th* 

The ninth column in Taole II contains the power 
density deviations for the test data sets. 

To simplify the statistical analysis which will 
follow, a random distribution of deviations is 
desirable. Two tests for randomness were 
performed. First, the deviations from theory in 
Table II were plotted versus the corresponding 
theoretical turbine power densities, as shown in 
Figure 6(a). No trend in the data was 
observed. Therefore, it is consistent with 
these test data to assume that deviations from 
theoretical power predicted using the PROP Code 
theory do not depend on power density, at least 
up to levels of 200 watts per square meter. 


Next, the probability distribution of the 
deviations was calculated, leading to the 
results Vihich are illustrated in Figure 6(b) . A 
strai^t line on this graph indicates a normal 
distribution and random variation. The 
deviation data were found to be n£rmally 
distributed, with a sample mean X of -0.7 
watts per square meter and a sample variance of 
24,8. The following equations apply: 


and 



(8a) 



in which n is the number of bins, 
this case. 


(8b) 

or 11 in 


In Table III, the data are listed on which 
Figure 6(b) is based. Deviations are first 
ranked from algebraically largest to smallest, 
and the number of bins exceeding a given 
deviation is calculated. One-half bin values 
result from the fact that the deviations given 
are median values for each bin. Probability of 
exceedance is then obtained by dividing each 
nurttoer in the third column in Table III by 11, 
the total number of bins in the sample. 

In summary, statistical analysis of deviations 
from the PROP Code theory indicate the following: 

1. Power density deviations from theory do not 
depend on power level, below 200 watts per 
square meter. 

2- Sample mean deviation is -0.7 watt per 
square meter, with a variance of 24.8. 

3. Correlation between experimental power 

output and theoretical power output is high. 

Step 6: Estimation of Lower Bound on Mean 

Deviation from Theory 

If a lower bound on the mean deviation from the 
power predicted using the PROP Code can be 
estimated with a high degree of confidence, then 
a guaranteed mean power can be established, A 
lower bound of this type can be calculated by 
conventional statistical methods from a sample 
mean X and a sample variance s2 . The 
applicable equation (ref. 11, for example) is as 
follows: 


y(l - a) > X - t(l - a,n - 1) w/m^ (9) 

in which \i is the actual, but unknown, mean 
deviation, (1- a ) is the confidence level 
desired, and t is Student *s factor which is 
tabulated in statistical references. 
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The level of confidence which should be used is 
a matter of judgment at this time. It should be 
high, to si 4 )port a guarantee. For guidance, 
guaranteed minimum material properties usually 
imply a , confidence level of 0.999. With this as 
a precedent, a confidence level of 0.999 was 
assumed for this study. Student’s t- factor is 
4.144 for a confidence level of 0.999 and a 
sample size of 11 units, which in this case are 
bins. Thus, 

U(0.999) > -0.7 - 
or 

y (0.999) > -7 W/m^ (test conditions) 10(a) 


A density correction is required to convert from 
test conditions to sea-level standard 
conditions, giving 


Experimental system efficiences are listed in 
the fourth column, calculated as follows: 


T)3 = P3/PQ (14) 


The last column in Table IV gives the corrected 
output power data reduced to sea level standard 
conditions. 

Step 8: Calculation of Guaranteed Mean Power 

CXjtput 

Guaranteed mean turbine power and guaranteed 
mean system power can now be calculated, using 
the lower-bound estimate on the mean deviation 
from theory, and the power-train loss equation. 
Results are listed in Table V. All calculations 
were made for sea- level standard conditions, 
with an air density of 1.225 kilograms per ciiDic 
meter. 


U(0,999) > -8 W/m^ (standard conditions) 10(b) 


Step 7: Analysis of Power-Train Losses 

A general equation for power-train losses is 
needed before system output power can be 
calculated. The density of power-train losses, 
in watts per square meter, is listed for each 
bin in the last column of Table II and was 
calculated as follows: 

P32 = i <^3 - Q3%). ( 11 ) 


Because of a calibration error in the electrical 
metering equipment, a zero correction to the 
output power data is needed. The following 
procedure was used to make this correction: As 

shown in Figure 7, the power loss data without 
the zero correction were plotted versus turbine 
power density P 2 , to obtain a slope of 
-0.050 and an apparent zero-loss at zero power 
density. The actual loss at zero power density 
was obtained during a run-in test of a similar 
unit (without blades) by measuring the power 
consumed by the auxiliary drive motor (Table 
I). This power was approximately 11 kilowatts, 
indicating a loss of -10 watts per square meter 
in the power train under zero load. Thus, the 
power-train loss equation for the Mod-OA machine 
becomes 


= -10 - 0.050 p^, W/m^ (12) 


The zero correction to the output power data is 
therefore -11 kilowatts or -10 watts per square 
meter. Corrected output power densities are 
given* in Vne third column of T^le IV for eadn 
bin of test data, calculated using the equation 

Po 

P 3 = -j- w/m^ (13) 


First, the power density of the free-stream wind 
is calculated for wind speeds at convenient 
increments of 0.5 and 1.0 meter per second, 
using Equation (2). Next, theoretical turbine 
performance at these same wind speeds is 
calculated by means of the PROP Code and 
Equations (3) and (4). Results are listed in 
the third, fourth, and fifth columns of Table V. 

Guaranteed mean turbine power density (column 6) 
is then calculated from the theoretical power 
density by adding the estimated lower bound on 
the mean deviation from Equation 10(b). Thus 


^2,gm 


P2.th ' 


W/ffi 


(13) 


The confidence level on the guaranteed mean 
power is assumed to remain at 0.999, the assumed 
confidence level used in estimating the lower 
bound on the mean deviation. Guaranteed mean 
turbine efficiency values are listed in the 
seventh column, as calculated using Equation (6). 

Guaranteed mean generator power data are 
tabulated in the last three columns of Table V. 
Equation (12) has been applied as follows: 


Ps.gm = P2.gm - (16) 

Guaranteed mean system efficiency and generator 
output power are then easily calculated. 

Figures 8, 9, and 10 show the data from Tables 
IV and V in graphical form. In Figure 8, 
turbine efficiencies are plotted versus 
tip-speed ratio. Guaranteed mean turbine 
efficiency peaks at 0.377, compared with a 
theoretical peak of 0.403. Figure 9 shows the 
variation of system output power widi free-field 
wind speed, which is the format of most use to 
wind power system engineers. Guaranteed mean 
power and theoretical power curves are separated 
laterally by 0.3 meter per second at cut-in wind 
speed and less than 0.2 meter per second at 
rated. Vertically, separation is a constant 9 
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kilowatts or 8 watts per square meter. This is 
less than 5% of rated power and does not appear 
to be excessive, considering the hi^ confidence 
level of 0.999. 

Test data are also plotted on Figure 9 for 
comparison with both tJneoretical and guaranteed 
mean curves. Note that the data points at 47 kw 
and 69 kW fall below the solid curve, 
emphasizing that it is not a guaranteed minimum 
curve. 

In Figure 10, the same system output data are 
displayed in terms of system efficiency versus 
free-field wind speed. This type of plot may be 
useful for selecting one or two points at which 
to guarantee system power output. 

CONCLUSIONS 

A method of calculating the guaranteed mean 
power output of a wind turbine generator has 
been described. The steps in the calculation 
procedure have been illustrated with data from 
the DOE/NASA Mod-OA 200 kW wind power plant In 
Clayton, New Mexico. On the basis of this 
analysis of performance test data, the following 
conclusions are drawn: 

1. The PROP Code is a practical analytical 
tool with which the power from a ‘wind 
turbine like the Mod-OA can be accurately 
predicted. 

2. Deviations between measured and theoretical 
power do not appear to depend on' power 
density up to 200 watts per square meter, 
and their distribution is random. 

3. Subtracting 8 watts per square meter (9 kw) 
from the theoretical power output of the 
Mod-OA system gives a guaranteed mean power 
with a high degree of confidence. 

4. Standard statistical analysis techniques 
and the method of bins are adequate for the 
calculation of guaranteed mean power from 
theory and test data. 
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TABLE I 

Performaixe Test Data From The 
Clayton Mod-OA 200 kW Wind Turbine Generator 
(Medians of Binned Data) 


Bin 

no. 

Turbine 

input 

wind 

''i 

m/s 

Turbine 

shaft 

torqi® 

N-m 

Turbine 

shaft 

speed 

rad/s 

Generator 

output 

power 

pj 

kW 

(a) 

Record No. 

1 (10 Jar 

1 78, 2.2 hr on-line, 



air density = 1.104 kg/m^) 


4.6 

15,6CO 

n 

60 


5.4 

17,600 


73 


6.3 

25,100 


100 


7.3 

33,200 

mssM 

130 

5 

8.3 

42,000 

4.22 

170 

6 

9.3 

46,800 

4.22 

190 

7 

10.3 

47,500 

4.22 

190 

(b) Record No. 

2 (18 Jan 78, 4.6 hr on-line. 



air density = 1.098 kg/m^) 

8 

3.7 

12,200 


45 

9 

4.6 

13,6CKD 


54 

mm 

5.6 

21,700 


84 

Bi 

6.5 

27,100 


110 

Wm 

7.5 

35,200 

4.21 

140 


8.5 

42,000 

4.22 

170 


9.5 

46,100 

4.22 

180 


10.5 


4.22 

190 

(c) Shop Run-In (Dec 79, 

similar unit) 





a 



0 

4.19 

-11 


a Auxiliary drive motor on transmission output 
shaft 
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imuE II 

Results of Perfornance Tests on the Clayton Hod-OA 2CO kw 
Wind Turbine Generator and Comparison with Theoretical Turbine Performance 


Bin 

No. 

Free- stream wind 
at turbine 
midline 

Theoretical turbine output 
power 

(from PRCF Code) 

Turbine test results 
calculated from data in 
Table I 


Speed 

Power 

Tip 

Turbine 


Power 

Turbine 

Deviation 

a 

Power 



density 

speed 

efficiency 


density 

efficiency 

from 

train 




ratio 


■■I 



theory 

losses 


^0 

Po 

X 

’’2,th 


P2 

r\2 


P 32 


m/s 

W/m2 



H 

W/m2 


W/m2 

W/m2 


6.46 

148 

12.3 

0.390 

58 

58 

0.39 

0 

-4 


6.99 

188 

11,3 

.400 

75 

65 

.34 

-10 

0 


7.59 

241 

10.5 

.405 

98 

94 

.39 

-4 

-5 


8.26 

310 

9.63 

.399 

124 

124 

.40 

0 

-8 


8.93 

393 

8.93 

.389 

153 

158 

.40 

5 

-6 


9.59 

486 

8.32 

.375 

182 

176 

.36 

- b 

-7 


10.26 

595 

7.77 

.333 

198 

179 

.30 

- c 

-10 

8 

5.86 

111 

13.5 

.351 

39 

46 

.41 

7 

-6 


6.46 

148 

12.3 

.390 

58 

51 

.34 

-7 

-3 


7.12 

199 

11.1 

.403 

80 

81 

.41 

1 ! 

-6 


7 73 

254 

10.3 

.404 

103 

101 

.40 

-2 

-3 


8.39 

325 

9.48 

.397 

129 

132 

.41 

3 

-7 


9.06 

410 

8.80 

.387 

159 

158 

.38 

-1 i 

-6 


9.73 

508 

8.20 

.371 

188 

174 

.34 

- b 1 

-7 


10.39 

618 

7.68 

.320 

198 

179 

.29 

- c 

-10 


a Zero correction required; deduct 10 W/m2 
b Not applicable; blades incorrectly pitched 
c Not applicable; wind speed above rated 


TABLE III 


Probability Distribution of Deviations 
from Theoretical Turbinp Power Density 


Bin 

NO. 

Deviation 

from 

theory 

W/m2 

Nunber 
of bins 
exceeded 

Probability 

of 

exceedance 

% 

8 

7 

0,5 

4.5 

5 

5 

1.5 

13.6 

12 

3 

2.5 

22.7 

10 

1 

3.5 

31,8 

1 

0 

4.5 

40.9 

4 

0 

5.5 

50.0 

13 

-1 

6.5 

59.1 

11 

-2 

7.5 

68.2 

3 

-4 

8.5 

77.3 

9 

-7 

9.5 

86.4 

2 

-10 

10.5 

95.5 


Sample mean: X = -0.7 

Sample variance: s2 = 24.8 


TABLE IV 


System Output Power and Efficiency 
Test Results for the Clayton 2CX3 kw 
MOD-OA Wind Turbine Generator 


Bin 

no. 

r” 

Free- 

stream 

wind 

speed 

Vo 

m/s 

Output 
power 
density , 
test 

conditions 

P3 

W/m2 

System 

efficiency 

”3 

Output 

power, 

sea-level 

standard 

conditions 

'^3 

kW 

1’ 

6.46 

44 

0.30 

55 

2 

6.99 

55 

.29 

69 

3 

7.59 

79 

.33 

99 

4 

8.26 

106 

.34 

132 

5 

8.93 

142 

.36 

177 

6 

9.59 

159 

— 



7 

10.26 

159 

— 

— 

8 

5.86 

30 

.27 

37 

9 

6.46 

38 

.26 

47 

10 

7.12 

65 

.33 

81 

11 

7.73 

88 

.35 

110 

12 

8.39 

115 

.35 

144 

13 

9.06 

142 

.35 : 

177 

14 

9.73 

157 

! 


15 

j 

10.39 : 

159 
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TABLE V 

Theoretical and Guaranteed Mean Power From a 200 kW Mod-OA 
Wiruj Turbine Generator, Under Sea-Level Standard Conditions 


Free-stream wind 
at turbine 
midline 

Tneoretieal turbine output 
power 

(from PRCF Code) 

Guaranteed mean power (0.999 conf. level) 

turbine output 

Generator output 

Speed 

Power 

Tip 

Turbine 

Power 

Power 

Turbine 

Power 

System 

BDwer 


density 

speed 

efficiency 

density 

density 

efficiency 

density 

efficiency 





ratio 












'^0 

Po 

X 

’’Z.th 

Pz.th 

P2 

tl2 

P 3 

'>3 

F 

3 

m/s 

W/ni2 



W/m2 

W/m2 


W/m2 



kW 

4.0 

39 

19.8 

0.038 


1 


.7 

-0.179 

-17 

-0.436 

-19 

4.5 

56 

17.6 

.161 


9 


1 

0.018 

- 

.9 

-0.161 

-10 

5.0 

77 

15.9 

.247 

19 

11 

.143 


0 

.000 


0 

5.5 

102 

14.4 

.314 

32 

25 

.245 

14 

.137 

15 

6.0 

132 

13.2 

.364 

48 

40 

.303 

28 

.212 

32 

6.5 

168 

12.2 

.393 

66 

58 

.345 

45 

.268 

50 

7.0 

210 

11.3 

.402 

84 

76 

.362 

62 

.295 

70 

7.5 

258 

10.6 

.403 

104 

96 

.372 

81 

.314 

91 

8.0 

313 

9.91 

■ .402 

126 

118 

.377 

102 

.326 

114 

8.5 

376 

9.33 

.396 

149 

141 

.375 

124 

.330 

139 

9.0 

446 

8.81 

.388 

173 

165 

.370 

■Em 

,330 

165 

9.5 

525 

8.35 

.377 

198 

190 

.362 

■f^H 

.324 

191 

10.0 

612 

7.93 

.324 



198 

.324 


.291 

200 

11.0 

815 

7.21 

.243 : 





.243 

■ 


.218 



12.0 

1058 

6.61 

,187 : 





.187 

■ 


.168 



13.0 

1345 

6.10 

.147 





.147 

■ 


.132 



14.0 

1679 

5.66 

.118 





.118 ! 



.106 



15.0 

2066 

5.29 

.096 





.096 



.086 



16.0 

2507 

4.96 

.079 





.079 

■ 


.071 



17.0 

3007 

4.66 

.066 





.066 



.059 



18.0 

3569 

4.41 

.055 

N 

Y 

N 

Y 

.055 

1 

B 

.050 

N 
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Figure 1, - Schematic diagram of a general wind turbine generator 
system, showing measuring stations and power flow. 
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Figure 2. - Performance test Installation at 
Clayton, New Mexico, showing the Mod-OA 200 kW 
wind turbine generator, the anemometer tower, 
and measurement stations. 


Figure 4. - Air densities during performance 
tests on the Clayton Mod-OA wind turbine, 
compared with Standard Atmosphere density. 



TURBINE INPUT WIND SPEED, , m/s 



TIP SPEED RATIO, X 


Figure 5, - Theoretical and experimental turbine 
efficiencies for the Mod-OA 200 kW wind energy 
system in Clayton, New Mexico. 


Figure 3. - Correlation of free-stream wind 
speed at hub height with turbine input wind 
speed, for the Clayton Mod-OA wind turbine. 
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Figure 7. - Analysis of power- train losses in 
the Mod-OA 200 kW wind turbine system. 



NORMAL PROBABILITY OF EXCEEDANCE, % 

(b) Test for normal distribution 


Figure 6, - Deviation of measured turbine power 
density from theoretical power density, calculated 
using the PROP Code. 



TIP SPEED RATIO X 


Figure 8. - Theoretical and guaranteed mean 
turbine efficiencies for the Mod-OA 200 kW 
wind energy systan. 
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Figure 9. - Generator output power of the Mod-OA 
200 kW wind energy system under sea-level standard 
conditions. 
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Figure 10. - Overall efficiency of the Mod-OA 
200 kW wind energy system. 
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THE HYDRAULIC WINDMILL^ 


James A. Browning 

Browning Engineering Corporation 
P.O. Box 863 

Hanover, New Hampshire 03755 

ABSTRACT 


The hydraulic windmill pumps pressurized oil from 
rotor shaft level to the ground where a motor- 
generator produces electricity. Alternatively, 
the useful output may be heat. Rotor speed is 
governed by a flow valve. Over pressure, the 
result of high wind velocity, rotates the tail to 
move the rotor blades out-of-the-wind , Loss of 
oil pressure causes a brake to close as well as 
to swing the tail to its maximum distance from 
the rotor plane. 

DISCUSSION 

Advantages of the hydraulic transmission 
principle lie in the simplicity of rotor 
speed control and the governing of power 
output in higher-than-design wind regimes. 
These functions can now be obtained at low 
cost and high reliability. 

We have made and tested two prototype 
models of 16 - F t. a n d 3 1 - F t. r o t or blade 
diameter. Power outputs were determined 
by measuring oil flow and pressure. Spe- 
cific power levels were sufficiently high 
to warrent the construction of the 71-Ft., 
two-bladed, horizontal rotor axis machine 
presently undergoing tests on a high ridge 
in Lebanon, N.H, (see Figure 1). 

We had, initially, selected a downwind 
rotor position. Later, due to information 
released by the N.A.S.A, concerning unduly 
high cyclical rotor shaft torque stresses, 
we switched to the upwind rotor position 
with conventional tail. 

The design shown in Figure 2 provides a 
crank-arm at the end of the rotor shaft to 
power a double-acting hydraulic cylinder. 
Full- wave rectification of this flow is 
made by four check valves attached to cyl- 
inder ports. The oil passes through the 
vertical mast about which the windmill 
rotates to face the wind. The sole rotat- 
ing seal is the eylinder piston. (In oth- 
er eases other types of pumps could be 
used • ) 
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The pressurized oil passes to the ground 
where pressure variations are damped by 
a high-pressure accumulator. The pres- 
sure-compensated flow control valve limits 
the maximum oil flow rate to provide a 
constant rotor speed. A properly sized 
hydraulic motor drives the generator at 
the correct speed . Several hydraulic 
windmills may be operated in- parallel to 
power a single generator. 

^The work of this program has been sponsored in 
part by the Department of Energy under Contract 
No. DE-FG01-80IR 10320. 


From the motor the oil passes to a low- 
pressure accumulator pre -charged with 
nitrogen to a pressure sufficient to lift 
the oil to the cylinder and to power the 
tail-governor and safety devices. 

Other components of the hydraulic circuit 
of Figure 2 include a manual shut-off 
valve which, when closed, assures an ef- 
fective braking action to the allowable 
pressure rating of the hydraulic elements. 
Increase of pressure above this is limited 
by a pressure relief valve, A water pump 
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or other mechanically powered device may 
be substituted for the generator. 

Figure 3 illustrates an alternative de- 
sign which produces heat in place of me- 
chanical energy. Rotor speed is limited 
by controlling the differential flow from 
the cylinder. The increased amount of 
flow on the piston down-stroke (equal to 
the rod displacement volume) must pass 
through the flow control, A desurger 
is required to provide smooth valve ac- 
tion. As accurate speed control is not 
necessary, the cost of a windmill pro- 
ducing heat is much less than that gen- 
erating electricity. Efficiencies are 
much greater as losses in the circuit ap- 
pear as useful output— heat. We estimate 
that a given size windmill will produce 
about 60% more energy when the output is 
heat rather than electricity. 


71-Ft, windmill In a region of adequate 
wind speeds amounts to nearly 80,000 KW- 
HR . It is thought that over 80% of this 
becomes available for later use. This is 
the equivalent of 2,000 gallons of oil 
burned in a boiler. To this should be 
added the heat generated ‘during the 5 
winter months. 

Although this heat analysis is only spec- 
ulative at this point, this use of wind 
energy must not be overlooked, in place 
of the heat equivalent of 2,000 gallons 
of oil the windmill would have produced 
about 50,000 KW-HR Of electricity during 
the same 7-month period. At $ 1.20/Gal 
of oil the heat savings are $2,400. At 
$0.05/KW-HR the electric savings amount 
to $2,500. The heat-producing unit^ is 
less expensive than for electricity. 

Thus, heat generation could be the best 
use of the hydraulic windmill. 
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To make a windmill heat generator prac- 
tical, means should be available for heat 
storage during the summer for cases where 
the heat is only utilized during cold 
months. Storage in the ground appears 
feasible. Several groups are studying 
the use of relatively non-perraeable aqui- 
fers for heat storage. 

In solid rock such as granite each 100 
feet of 8-inch diameter well bore will 
accept over 5 KW of heat. Thus, 50 KW 
of heat can be "pumped" into rock using 
5 wells each somewhat over 200 feet deep 
and spaced correctly apart. The total 
heat stored over a 7-month season by a 
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Where speed control is governed by an im- 
pedance in the hydraulic circuit, max- 
imum power output may be limited by match- 
ing the average peak oil pressure to a 
fixed pressure of lower value. This type 
of governor is sketched in Figure A where 
low and high-pressure cylinders are shown 
attached to the carriage. The tail sup- 
port arm can move horizontally about a 
bearing mounted on the carriage. Oil 
pressure in the lower cylinder cavity is 
transmitted through a rifle drill hole. 

The low-pressure cylinder "sees" the low- 
pressure accumulator pressure less the 
hydrostatic pressure drop in the oil col- 
umn, A 4-inch diameter cylinder operat- 
ing at a net pressure of 50 PSIG applies 
a force of 630 pounds against the movable 
tail, ihis force will keep the tail in 
the "running" mode until a greater count- 
erforce is produced by the high-pressure 
cylinder. Selecting a cylinder having a 
1-inch effective area on its rod side, an 
average operating peak pressure above 
630 PSIG will commence to move the blades 
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out-of-the-wind» 'When this high maximum 
pressure drops due to a lowering of wind 
velocity the adjustable valve allows the 
tail to move toward its^ "running** posi- 
tion • 


It is, of course, always possible that 
the hydraulic circuit could lose a large 
amount of oil by line leakage or damage 
to an element. The operation of both 
speed and power governors would cease. A 
**f ail-saf e** mechanism has been incorpo- 
rated into the design. The tail rotates 
into its **running** position only when a 
s e t oil pres s u re va lu e is exceeded. 

Below this,' a counterweight (not shown in 
the figures) pulls the tail to its furth- 
est position from the rotor axis. In ad- 
dition, the brake mechanism is activated 
automatically. The brake is also design- 
ed to operate when undue vibrations are 
sensed by a weight held in unstable equ- 
ilibrium. 





CLOSURE 

The design of the 71 -Ft, hydraulic wind- 
mill has attempted to reduce costs while 
maximizing reliability. These considera- 
tions preclude the use of feathering 
blades, limit the number of blades to two, 
and reduce communication between rotating 
structures and the ground to the oil col- 
umn itself,- Judgement of the relative 
success of these design parameters must 
await results of the testing period which 
is only now commencing. 
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QUESTIONS AND ANSWERS 


J,A. Browning 


From: J* Tangier 

Q; For heating, how does your rotor load match compare to a system using a heat churn? 
Also, which approach do you consider more cost effective and why? 

A: Lavgev amounts of heat can be handled easily. In addition^ ^positive speed oontvol 

and overpower condition control are inherent. Mechanical output^ or electric ^ is 
possible, I believe the hydraulic unit more cost effective , 

Prom: A, D . Garrad 

Q: How lossy do you expect your hydraulic transmission to be? 

A: About 80% for a cylinder pump •• to -motor combination for shaft power production. 

Nearly 85% for heat using generous amounts of thermal insulation. 

Prom: J.A.C, Kentfield 

Q: What is the blade airfoil section? Do you require a high torque-at -low-speed char- 

acteristic? 

A: We have used a delta cross-section blade realizing higher efficiency would have 

resulted with other designs. It was simpler to construct , Nigh torque-at-low 
speed characteristic is best. 

From: F.S, Stoddard 

Q: Do you have any idea what the overall transmission efficiency is? 

A: Answered above. 

Prom: R, Shaltens 

Q: What is blade construction? What diameter? kW output? 

A: Steel tube truss design with cross-bracing. Tubing covered with plywood which^ in 

turn^ has fiberglass-epoxy coating. The rotor diameter is 72 ft. We have designed 
for about 20 kW in a 15 mph wind. 

From: F.W. Perkins 

Q: How much does the machine cost, especially compared to an electric machine? 

A: Considerably less. Speed control accuracy is not required, Also^ the high- 

pressure accumulator ^ hydraulic motor ^ and generator are absent. Absolute cost 
figures for commercial designs in large quantities cannot^ y^t^ be estimated. 

From : Anonymous 

Q: What airfoil section is used for the rotor blades? 

A: Answered above. 

From: W.C. Walton 

Q: Do you think the failures Waldron showed were due to lack of sophistication or to 

failure to apply basic engineering? 

A: Lack of sophistication probably results in lowering overall efficiency values --not 

to the failures reported, Basic engineering includes good design^ model making 
and testing:, and redesign. The large amount of funding (internal or external) 
has not been available to small ^ new organizations , Certainly a small windmill can 
achieve optimum design more easily than a large one. Sponsors have skipped this im- 
portant step of a well thought out engineering program. Perhaps , they should have 
included this step rather than placing the blame elsewhere , Listening to the ma- 
jority of the presentations it becomes evident that a major conceptual advancement 
can only come from the engineering entrepreneur , 


154 



TWO-DIMENSIONAL TURBULENCE MODELS 


Walter Frost* and Ming-Chung L1n 

The University of Tennessee Space Institute 
Tunahoma, Tennessee 37388 


ABSTRACT 

Two-dimensional turbulence models described 
in the NASA technical paper 1359, Enqineering Hand- 
book on the Atmospheric and Environmental Guide- 
lines for Use in Wind Turbine Generator Develop- 
ment , are compared with experimental measurements 
made using an array of instrumented towers, Dis- 
cussiori of the spatial correlation coefficient, 
the two-point spectrum or cross spectrum, and the 
coherence function is given. The prediction tech- 
niques in general agree reasonably well with the 
experimental results. Measurements of the integral 
length scale however, do not correlate well with 
the prediction model .recommended in the design 
handbook. 

Introduction 

Information relative to two- and three- 
dimensional turbulence scales is very important to 
the design of WTG control systems, to the experi- 
mental verification of WTG power output, to the 
loading of the rotor blades resulting from nonuni - 
form gusts over the span of the rotor, and many 
other such problems. Some two-dimensional turbu- 
lence effects are illustrated schematically in 
Figures 1 through 3. Figure 1 shows that if the 
control sensor is located on top of the nacelle, 
variation , in wind speed in a longitudinal direc- 
tion can result in the sensor monitoring a posi- 
tive gust, whereas the rotor experiences a 
negative gust. Therefore, in locating the sensor 
and computing the appropriate control network, one 
must have an estimate of how well the wind mea- 
sured at the sensor location is correlated with 
the wind which occurs at the rotor. Also, the lag 
time between the large gusts passing the sensor 
and impacting upon the rotor is of design interest. 
Figure 2 illustrates the same sort of problem 
associated with monitoring wind upstream of a wind 
turbine generator and attempting to correlate this 
with the wind monitored at the rotor and the 
fluctuating power output. Figure 3 schematically 
illustrates how the spatial variation in wind 
speed for turbulent gusts across the rotor can 
create antisymmetric loads and, consequently, 
large bending moments. These and other problems 
related to the analysis of turbulent effect on 
WTG*s are related specifically to the spatial 
variation which occurs in gusts making up the 
turbulent field. 

Spatial wind fields are normally determined 
either by assuming Taylor's hypothesis or by 
measuring the wind with an array of towers. Since 
wind speed is normally measured as a time signal 
at a single point in space, it is generally con- 
verted to a spatial distribution with Taylor's 
hypothesis, i.e.. 


*Al$o, President, FWG Associates, Inc., 
Tullahoma, TN 37388. 


X = Wt 

This is also referred to as the frozen turbulence 
concept. Figure 4 shows a time history of wind 
speed measured at the 24-m level of a tower. The 
mean wind speed at this level is 6.64 m s-V. The 
figure illustrates the temporal variation and the 
spatial variation based on the frozen turbulence 
concept. Taylor's hypothesis assumes that the 
velocity profile illustrated would be distributed 
in space according to the horizontal x-axis. 

Spatial variation at two or more points in 
space can also be measured with one or more towers. 
The spatial variation in the vertical direction 
can be measured with a single tower instrumented 
at different levels and in the horizontal or 
lateral direction with an array of towers. Figure 
5 shows the former case of longitudinal wind speed 
measured at the 24-m, 12-m, 6-m, and 3-m levels. 
Many interesting features of two-dimensional 
turbulence are contained in this figure, and these 
will be discussed in subsequent sections. 

Quantitative estimates of the effect of 
spatial variation in the wind fields are provided 
by the three statistical quantities: 

1. Correlation coefficient 

2. Cross spectra or cross correlation 

3. Coherence function 

Definitions of these terms are given in References 
1,2, and 3. 

The purpose of this paper is to describe 
these quantities physically and to review the 
models recommended in the Engineering Handbook on 
the Atmospheric Environmental Guidelines for Use 
in Wind Turbine Development [l] for predicting 
their values. Recent experimental data measured 
with an array of towers is then compared with the 
recommended prediction techniques. 

Tower Array 

The tower array is illustrated schematically 
in Figure 6. Full details of this Atmospheric 
Boundary Layer Test Facility, Atmospheric Sciences 
Division, Space Sciences Laboratory, NASA Marshall 
Space Flight Center, are given in Reference 4, 

The original purpose of the data measurements 
reported herein were to investigate the influence 
of a simulated block building on the wind field 
surrounding the building. The wind fields at the 
top of the towers (20 m in height) and well down- 
stream of the building, however, were found to be 
insensitive to the presence of the building. 
Therefore, the upper level wind measurements 
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represent essentially undisturbed flow and provide 
meaningful results for WECS design criteria com- 
parisons. 

Correlation Coefficients 

The correlation coefficient is defined as 

R^j(r) = w^(x)wj(x + r)/a.Oj 

This quantity is a measure of how fluctuations in 
the wind speed component, w^*, measured at the posi- 
tion, X, correspond or correlate with fluctuations 
In the wind speed component, Wj, at x + r. Two 
common mathematical forms of correlation coeffi- 
cients are the Dryden and the von Karman [1]. 

Figure 7 is a plot of both the longitudinal and 
transverse von Karman correlations. The insert 
defines longitudinal and transverse correlation 
coefficients. The integral length scale, Lp, 
appearing in the correlations is discussed in a 
latter section. 

Figure 8 shows the longitudinal correlation 
with wind parallel to the tower array. The top 
row of correlation values is plotted as solid 
circles on Figure 7. The measured correlation in 
the boundary layer is slightly lower than the 
theoretical curve. Hov/ever, the agreement is 
reasonable considering that near the surface the 
flow will not be isotropic. 

Some interesting properties of the correla- 
tion coefficient are observed in Figure 8. It can 
be seen that directly behind the block building 
there is very little correlation with the upstream 
position. This Indicates a breakdown in the flow 
structure between the undisturbed flow upstream 
and the wake region behind the building. Also, as 
would be expected, the correlations in the free 
stream decrease with an increase in the distance 
separating the two points from which measurements 
were made. It should be noted that a correlation 
of unity indicates that the exact signal is felt 
instantaneously at the two points in question, and 
it is obvious that a point correlated with itself 
gives a value of unity (i.e., at the 20-m level on 
tower 1). A negative correlation between two 
points suggests a structured reverse flow region 
where a longitudinal fluctuation in the positive 
direction at one point results in a negative 
fluctuation at another point. If the correlation 
is equal to -1, then the velocities are equal in 
magnitude but opposite in sign. More experimental 
values of spatial correlations are given in Refer- 
ences 4 and 5. 

Integral Length Scale 

Although the preceding correlations are based 
on the assumption of isotropic turbulence, which is 
a reasonable assumption at high altitudes (h > 

300 m (1000 ft)), a technique frequently employed 
to adapt these isotropic relationships to low 
altitudes is to permit the integral length scale 
to vary with height, with surface roughness, and 
to be different for the longitudinal direction 
from what they are for the lateral and vertical 
directions. Relationships for the Integral length 
scales recommended by Counihan [6] are shown in 
Figure 9. The mathematical definition of length 
scale is given in the insert. Measured values of 


are shown in Figure 10. The scatter in the 
length scale values is very large and the results 
do not compare well with the theoretical results. 
Typically good correlations of measured length 
scales are difficult to achieve [6]. 

In theory, however, scale lengths are an 
indication of the size of the eddies. Figure 10 
shows that the higher level usuany has the larger 
length scale for the longitudinal gust, as pre- 
dicted by the theoretical results shown in Figure 
9. The vertical component of wind speed for the 
measured data [5] gives smaller length scales at a 
higher level. Conclusions from Figure 10 must be 
drawn with care since the presence of the building 
may influence the value of the length scales shown. 

Two-Point Spectrum 

The correlation coefficient provides a rela- 
tionship between the correlation of fluctuations 
in the wind averaged over all values of gust sizes. 
In many cases, however, we are interested in the 
correlation between fluctuation in wind speeds of 
a prescribed frequency. In this case, the statis- 
tical quantity known as the two-point spectrum is 
useful . 

Correlation of velocity over different spatial 
separations can be expressed by the two-point spec- 
trum which has two parts— a real part, co”Spectrum , 
and an imaginary part, quadrature spectrum. Also, 
this spatial variation in velocities can be 
expressed in terms of the dimensionless two-point 
spectrum. The latter form seems more manageable 
for wind loading applications and also has real 
and imaginary components as expressed below: 



where. n/W is the wave number, x and x' = x + r are 
two spatial coordinates, Qu is the quadrature spec- 
trum {out-of-phase component) of the two-point 
spectrum, Co is the co-spectrum (in-phase compo- 
nent) of the two-point spectrum, and ^ is the one- 
point spectrum. 

For reasons of symmetry, the quadrature spec- 
trum between similar velocity components is 
usually zero for points in the same horizontal 
plane. For vertical separations, however, Qu is 
nonzero, although usually not as significant as Co. 
The existence of the quadrature component can be 
taken to indicate a preferred orientation of 
eddies and therefore only occurs when there is 
asymmetry present in the flow. For example, there 
is no significant quadrature component in the 
horizontal direction crosswind spectrum between 
like components of velocity; however, in the‘ 
vertical direction where there is strong asymmetry, 
the quadrature component is significant, and the 
maximum correlation in the horizontal wind speed 
at two different heights occurs not simultaneously 
but when the signal from the lower station is 
delayed by time roughly equal to Ah/W. It is 
interesting to inspect Figure 5 in this regard 
where it has been illustrated that the delay time 
between eddies of the 24-m and 12-m level is 
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approximateix At = 1.7 s whereas the calculated 
value of Ah/H - 1.9 s. This means that in the 
vertical direction a signal hits the top of the 
tower before it hits the bottom because eddies 
lean into the wind as a result of wind shear. 

Houbolt and Sen [7] have theoretically com- 
puted two-point spectra for vertical and longitu- 
dinal gusts in isotropic turbulence based on a 
von Karman correlation model. Their results for 
vertical fluctuations are plotted in Figure 11. 
This figure was developed for two-point spectra of 
nonuniform spanwise gusts on airfoils but has 
direct application to nonuniform spanwise gusts 
on WTG rotors. 

Figure 12 illustrates the agreement of 
Houbolt and Sen's [7] theoretical model with 
experimental data. The model has a steeper slope 
at high frequencies and predicts less energy at 
low frequencies than the data show. Physically, 
this suggests that wind disturbances are more 
strongly correlated for small values of Ay but not 
as strongly correlated for intermediate values of 
Ay as predicted by the recommended design equa- 
tions. In view of all the variables involved and 
of the fact that boundary -layer turbulence is not 
isotropic, however, the agreement with the predic- 
tion techniques is reasonably good. 

Coherence 

The coherence is defined as the absolute 
value of the two-point spectrum 

coh = U(x,x' ;n/W) I 

and serves as a more useable form of the two-point 
spectrum. 

Coherence is expressed by the relationship; 

coh . 

where Ax is the spatial separation between the two 
points at which the wind speed is measured. The 
decay coefficient, a, is approximately equal to 
7.5 for vertical separation and 4.5 for horizontal 
separation. These values represent an average of 
the decay coefficients reported in References 8, 

9, and 10. The lateral decay coefficient is 
approximately equal to the vertical decay coeffi- 
cient; hence. 


The reader is cautioned that the values of a 
quoted are current state-of-the-art values and 
much research remains to be done before their 
value is confirmed. Moreover, it is known that a 
is dependent on terrain roughness, atmospheric 
stability, and spatial separation. 

Measured lateral coherence functions are 
plotted as a function of reduced frequency, n = 
fiAy/Wh=lOm in Figure 13. The measured value of 
ay == 10.8 is compared with the recommended value 
or ay - 7.5. 


n, between spatial points separated by Ay. 

CONCLUDING REMARKS 

Comparisons of experimental data with the pre- 
diction models for two-dimensional turbulence de- 
sign criteria given in [1] show that the models in 
predict the general trends in the data. The excep- 
tion is length scales which show a very wide scatter 
in measured values. 

The uncertainty in length scale however, does 
not impact the magnitude of the predicted statisti- 
cal properties appreciable, and in general the 
guidelines recommended in [1] can be used for 
design with an appropriate safety factor. 
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NOMENCUTURE 

h Height above the surface 

L Integral turbulence length scale 

L Longitudinal isotropic turbulence 

^ integral scale 

L Characteristic length scale of longitudi- 

\ nal wind fluctuation 

L Characteristic length scale of lateral 

wind fluctuations 

n Frequency in cycles per second 

Lateral correlation 

\ 

r Separation distance in turbulence 

correlations 
t Time 

Wind speed at height h 

Longitudinal wind speed 

w Longitudinal wind speed fluctuation about 

the mean 

Lateral wind speed 

w Lateral wind speed fluctuation about the 

^ mean 

Vertical wind speed 

w Vertical wind speed fluctuation about the 

mean 

Zq Surface roughness 

ri Reduced frequency, nh/W 

t Dimensionless two-point spectrum, 

a a 

0 Standard deviations of the turbulence 

\ fluctuations where a represents x, y, or z, 

respectively 
Two-point spectrum 

<j) (n) Spectral density function for turbulence 

kinetic energy 

Over Symbols 

Cl 10 min average or greater 

Subscripts 

a Designates one of three wind vector compo- 

nent directions, x, y, or z 




Figure 2 Correlation of wind speed at measuring 
tower with wind speed at rotor is 
needed for experimental verification. 



Spatial Variation of Wind 
Speed Over the Rotor Creates 
Antisymmetric Bending 
Moments: Two-Dimensional 

Turbulence 




Effectively Uniform Wind Speed 
Over the Rotor: One- 

Dimensional Turbulence 


Figure 3 Wind speed fluctuation Over the rotor. 




Figure 4 Illustrates Taylor's hypothesis (frozen 
turbulence) with data measured at 24-m 
and 12-m level . 


Figure 1 Control system requires correlation 
between wind speed at sensor and at 
rotor. 
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Figure 5 Features of two-dimensional turbulence 
measured with a single tower at 24-m, 
12-m, 6-m, and 3-m level. 



Figure 8 Spatial correlations of the longitudinal 
velocity component measured at the 20-m 
level on tower 1 with all other measur- 
ing stations [4]. 
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Figure 6 Schematic of the current configuration 
of the NASA Marshall Space Flight 
Center's Boundary Layer Facility. (Not 
to scale, H « 3.2 m.) 
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Figure 7 von Karman longitudinal and transverse 
fundamental correlation function for 
isotropic turbulence. 
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Figure 9 Integral scale length hj 
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Figure 10 Integral length scale in meters for 

longitudinal component, , wind per- 
pendicular to array. 



Figure 11 Theoretical two-point spectra for 
treatment of nonuniform spanwise 
gust. 



nAy/W 

(b) 


Figure 12 Comparison of theoretical two-point 
spectra with measured data. 



Figure 13 Experimental coherence function. 

Solid line is the best fit curve of 

e-^^^n/^ where a » 10.8. 
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QUESTIONS AND ANSWERS 


Frost 


Froms W»E* Holley 

Qs Does the coherendy = 1 at low frequency? 

As Ouv data indioates that it does and^ of course^ the computation prooedure forces it 
to unity when b.y goes to zero. 

Froms D.C. Powell 

Qs Why do you use length scale to calculate reduced frequency when you show that 
length scale is not a good parameter? 

As Nearly all current prediction models use length scales as a scaling parameter. 

Personally I prefer the approach given in reference 1 of the paper which utilizes 
a characteristic reducing frequency and scales length with height above ground. 
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REVIEW OF ANALYSIS METHODS FOR ROTATING SYSTEMS WITH PERIODIC COEFFICIENTS 

John Dugundji and John H* Wendell 

Department of Aeronautics and Astronautics 
Massachusetts Institute of Technology 
Cambridge, Massachusetts 02139 


ABSTRACT 

The present article reviews two of the more common procedures for analyzing 
the stability and forced response of equations with periodic coefficients, 
namely, the use of Floquet methods, and the use of multiblade coordinate 
and harmonic balance methods. The analysis procedures of these periodic 
coefficient systems are compared with those of the more familiar constant 
coefficient systems. 


INTRODUCTION 

In dynamic analyses of rotating wind turbine 
systems, one frequently encounters equations of 
motion with periodic coefficients. Unlike systems 
with constant coefficients whose analysis techni- 
ques are well known and familiar, the analysis of 
these periodic coefficient equations are somewhat 
less familiar. The present paper reviews two of 
the more common procedures for analyzing the sta- 
bility and response of these periodic coefficient 
equations, namely, the use of Floquet methods and 
the use of multi blade coordinate and harmonic 
balance methods. To put things in proper perspec- 
tive and to make comparisons, the paper will 
briefly review the constant coefficient systems 
first. The paper is essentially based on Appen- 
dices A, B, C, and D of a recent report by the 
authors, (ref. 1). 

CONSTANT COEFFICIENT SYSTEMS 

Given a system of N linear differential equations 
with constant coefficients, 

M £ + B ^ + K £ = F (t) (1) 

where M, and K are square matrices of order 
NxN, while £ and £ (t) are column matrices of 
order Nxl . These can be rearranged as, 

M OUq 

Q ija 

Then, multiplying through by the inverse of the 
mass matrix gives 2N first order equations, 

i- A y Vi C3) 

where A is a square matrix of order 2Nx2N, while y 
and £ are column matrices of order 2Nxl given by 



■ 0 1 ' 


'i 


' 0 ^ 

A = 


. 1 = 1 

1 

£ 

' ’ 8 - 

1 

r'l 


The above rearrangement, Eq. (3), is valid provid- 
ing the mass M is not singular, which is usually 
the ease with physical systems. 


0 M 


'a 



-K -B 


i^] 


1^ 


gives G = 0) in Eq. (3), to obtain a set of homo- 
geneous equations. Then one seeks exponential 
solutions of the form y = y eP^. Placing these 
into Eq. (3) leads to the standard eigenvalue 
problem, 


A ^ = p X (5) 

Eigenvalues p|^ of the matrix A can be obtained by 
standard numerical eigenvalue routines. If any 
eigenvalue p{^ is positive real or has a positive 
real part, the system represented by Eq. (3) or 
equivalently by Eq. (1) is unstable. 

(b) Forced Response 


Under steady-state conditions, the forces £ (t) on 
a rotating system tend to occur periodically in 
multiples of the rotation frequency Q, One can 
then express the force for a particular frequency 
% = mQ, in the form, 
ico t 

F(t) = Re(F e ) = F^cosu^t - FjSinW|jjt (6) 

The response £(t) is similarly of the form, 

£(t) = Re(£ e "* ) = - qjSinajijjt (7) 

Placing Eqs. (6) and (7) into the basic Eq. (1) 
and matching sine and cosine terms gives a set of 
2Nx2N real equations. 


' i 




’!b.' 

-H G 
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l~J 




where one has the matrix elements. 


(8) 


1=1- % 1 » 1 = “mi 

Given the amount of the m^^ harmonic force present 
FD(^)and Eq- (8) can be solved by simple 

Inversion'" to find the response qp^(^) and 
for each harmonic. Then, one may sum up all 
the harmonics to give the total periodic response 
as, 

^(t) = I q(^^™^cos£0|^t - Z qj'^^sina^t (10) 
m =0 ^ m=0 — 


(a) Stability 

To investigate stability, one sets £ = 0 (which 


Finding the response £(t) this way rather than by 
direct numerical integration, allows one to assess 
the effects of a particular harmonic on the 
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resulting response of the system* 


s^abnity exponent p^ are given as 


FLOqUET METHODS 

Assume the coefficients M, IB^ K In Eq* (1) or 
equivalently the coefficients A in Eq. (3) vary 
periodically in time, rather than being constants. 
For illustrating Floquet methods, it will be con- 
venient to use the first order representation, 
namely 2N equations of the form, 

A(t)y. = 6(t) (11) 

where A(t) and 6{t) are periodic over an 
interval T. 


(a) Stability 


The Floquet stability analysis described here 
follows that given by Peters and Hohenemser 
(ref. 2). To investigate stability, one sets 
Gf=0 in Eq. (11) to obtain homogeneous equations. 
The Floquet theorem states the solution of Eq. 
(11) with ^=0 is of the form 


X(t) = B(t) 


Cfce 




where y(t) and 
column matrices, and B^(t) 
matrix periodic over period T, that is, £(T)=a(0). 
From the above, one can express 


{C.e ^ } are 2N x l 
is^a 2N x 2N square 


(12) 


(13) 

(14) 


(15) 


where y' ^ is the solution at t=T of Eq. (11) 
with GfO, for the initial conditions y]=l and all 
remaining y-f(0)=0, y(2) is the solution for y 2 ( 0 )-l 
and all remaining y-|(0)=0, etc. The square 
matrix [Q] is called the "Transition Matrix." 
Equating Eq, (15) to (14) and introducing Eq. (13) 


gives, 


[Q] 

{b(0)}^C^ + (b(0)}^C2 + •••] = 



= |B(0),)c^e''^''^ + ... 

06) 


y(0) = B(0) {C^} 

Also, one can express y(T) as. 


W 

[Q] 


yo(o)i 


R I 

M|^ = Ytan"^ [(X,^) /(X|^) ] (20) 

I R 

The real part aj^ is a measure of the growth or 
decay of the response, as can be seen from Eq.(12). 
Values of a|^>0 (or equivalently |X|^|>1) indicate 
instability. The imaginary part m represents the 
frequency. However, because tan"* is multivalued, 
one can only obtain to within a multiple of 27 t. 
To obtain the actual frequency and motion corres- 
ponding to the root, pj^, one sets Ck=l and 
all other remaining G-j=0 in Eqs. (12) and (13). 
Then, using the eigenvector {B{0)}j, from Eq. 
(17) as an initial condition, one would solve 
Eq. (11) with 5=0 by numerical techniques for the 
resultant motion. 

Summarizing: To check for stability of a system 

of linear equations with periodic coefficients, 
obtain the eigenvalues \ of the "Transition 
Matrix" [Q] • If lXf^|>l, one has instability. 

The traditional stability exponent p{^ is related 
to through Eqs. (18) to (20). Two remarks on 
the above procedure should be noted. (1) The 
"Transition Matrix” [Q] can be formed by solving 
either the first order equations, Eqs. (11) with 
5=0, or the second order equations, Eqs. p) with 
FfO and periodic coefficients, whichever is more 
convenient for the integration scheme. (2) The 
above procedure will still apply even if the 
equations have constant coefficients. However, 
for such cases it is usually easier to form the 
matrix A given by Eq. (4) and obtain its eigen- 
values pb rather than to form the "Transition 
Matrix” [Q] and obtain its eigenvalues Aj^, 

(b) Forced Response 

Solutions of Eq. (11), or equivalently Eq. (1) 
with periodic coefficients, can be obtained by 
direct numerical integration using some convenient 
integration scheme. By proper choice of the 
initial conditions, one can eliminate all tran- 
sients from the response and obtain the desired 
steady-state dynamic response by integrating 
through only one period T, instead of the very 
large number usually required to reach steady- 
state for lightly damped systems. A procedure 
for finding the proper initial conditions is 
given below. 

Solutions of Eq. (11) are of the general form. 


Since are independent, one must have 

[Q] {B( 0 )}^ = A^{B( 0 )}j^ ( 17 ) 

Pk^ 

where A|^=e are the eigenvalues of the [Q] 
matrix. One then has the relation 

= Y m Aj^ = + i o)j^ (18) 

from which the real and imaginary parts of the 


where y|^(t) is the homogeneous solution and yp(t) 
is the particular solution. One can obtain a 
complete solution of Eq. pi) numerically for any 
given set of initial conditions. Call this solution 
y^(t). One can add any number of additional homo- 
geneous solutions Ay^(t) having different initial 
conditions, to this solution. This would give a 
new solution to Eq. (11), 

x(t) = XeW + (22) 
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which would have different initial conditions 
than those for 


than obtaining [Q(t)] at every point and perform- 
ing the indicated operations required by Eq.(28), 


One can obtain all the homogeneous solutions of 
Eq, (11) by solving Eq» (11) with 6=0 a total of 
2N times, subject to the initial conditions y-| = l 
and all remaining y-j=0, then y 2 =l and all re- 
maining y|=0, etc. In fact, this was done 
earlier to investigate stability and resulted in 
the 2N homogeneous solutions „(l)/^.\ 
etc,, respectively, ^ 

Thus one may write 


%{t) - ’ 

' ^ C. 

u } ^ 

CQ(t)] : 


(23) 


where [Q(t)] is the transition matrix at any in- 
stant of time, and C-| , Co, ... are 2H arbitrary 
constants. The new solution Eq. (22) can be re- 
written as 


m = ^ fQ(t)]e (24) 

For a periodic solution over period one 

must have x(T)=z(0). Placing Eq. (24) into this 
condition and solving for the arbitrary constants 
C gives, 

i^(T) + [Q(T)]C ^ ig(0) + [Q(0)]C 

C = [i - [Q]]'^ (25) 

where it was noted that [Q(0)]=T, and [Q(T)]=[Q] 
is the "Transition Matrix" found earlier for the 
stability investigation. Placing these values of 
C back into Eq, (24), the initial conditions for 
insuring a periodic solution become 

1(0) = i^£(o) + a-a]-^ {/gd) - j^£(o)) (26) 

One can then solve the basic Eq. (11) numerically 
with these initial conditions to obtain a 
periodic solution over one period. It should be 
noted that if one had chosen the initial con- 
ditions for yp(t) as yp(0)=0, one would obtain 
simply 

m = ci-ar’ y^d) (27) 


This is a particularly convenient form for finding 
the initial conditions for periodic solutions. 

An alternative form for determining the proper 
initial conditions for periodic solutions has 
been proposed by Friedmann and his coworkers 
(refs. 3 and 4) in their work on wind turbines, 
namely. 


The general procedure described by Eqs, (21) to 
(27) may be extended to deal also with nonlinear 
equations. 


i- A(t)x v£(t> i) (29) 

where the right hand side now contains nonlinear 
functions of the coordinates. An iterative 
variation of the previous linear procedure to ob- 
tain the initial conditions for periodic solutions 
of nonlinear equations is used by the MOSTAS Code 
(ref. 5), The procedure is as follows. First, a 
numerical solution yp(t) is obtained to the non- 
linear Eq. (29) for Some estimate of the initial 
conditions yc(0)* Then each of the 2N elements of 
yp(0) is perturbed a small amount and the 
resulting 2N solutions are obtained. This in- 
volves solving the nonlinear Eq, (29) subject to 
the initial conditions. 
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(30) 


and win result in 2N responses of the form 


= ilgit) + Ai^y^(t) (31) 

where A^y^(t) represents the effect of each per- 
turbatiorr e. , and is found by subtracting yp(t) 
from each ' of the 2N resulting responses ^ 
y^(’’^(t). One can then express the total solution 
approximately as. 


= ZE(t) + 


£l t 


Ay 


( 2 ) 


it 

CQ] 


‘"1 
^2 ^ 

(32) 


which is in the same form as Eq. (23). Then, 
again requiring the periodicity condition y(T)= 
^(0) and following through as before, will result 
in the same relation Eq, (26) found previously. 
Because of the nonlinearities now present, the 
elements of [Q] as found from Eqs. (32), (31), (30) 
may vary with the amplitude of the initial con- 
dition used, yp(0)+e.. This is in contrast to 
the linear case where [CO remains always constant. 
Hence, an Iterative application of Eq.(26) with a 
new corrected ;gr(0) should be done. If the non- 
linearities are^not too great, convergence to the 
required ^^(0) should be rapid. 


Z(0) = i HQ(t)]‘V(t)dt (28) 

0 

This is similar to Eq. (27), but does not use y^. 
It seems easier to obtain yr(T) with initial 
conditions y^(0)=0 and use ^ Eq, (27), rather 


It should be remarked that the numerical procedure 
for forced response described in this section, can 
also be used for the constant coefficient linear 
case, although it is probably easier there to ob- 
tain the solution by using Harmonic response 
methods given by Eqs. (6) to (10). However, for 
cases where there is some nonlinearity, the 
present iterative approach becomes attractive. 
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HULTIBLADE COORDINATES AND HARMONIC BALANCE 

Given a rotor with N blades rotating with rotation 
speed attached to a flexible tower. Because 
the tower motions x. are described in a fixed 
reference frame while the blade motions B. are 
described relative to a rotating frame, the 
resulting equations may have mass, damping, or 
stiffness coefficients which are functions of the 
azimuthal position of the blade A typical 
such set of equations is given, for example, in 
refs. 6 and 7 as, 

2 k 

Mx + C X + k X + S I t|;. = F (t) 


Hx + C^^ + k^x + ^ s b^ = 0 

X X 2 C 

1 1 Cgb^ + (kg - m2)b3 


- bj = 0 


I Sx + 2Q16 


s 

H- Cg6^ + (kg - ia2)bj = 0 




oj 


(37) 


Sx cos + + CgP^'^^ + kgS^"^^ = Fg^'^^(t) 

(k = 1, 2, ... N) 

where the azimuthal position 1 /;^^ is, 

= fit + (k > 1) 2TT/N (34) 


These equations may then be investigated for 
stability using the standard constant coefficient 
techniques described earlier. For additional de- 
tails and applications of multiblade coordinates, 
see Hohenemser and Yin (ref, 8). Multiblade co- 
ordinates were originally introduced by Coleman 
and Feingold (ref. 9) in their studies of heli- 
copter ground resonance. 


The first equation above represents force equi- 
librium for the tower motion x, while the remain- 
ing N equations represent force equilibrium for 
the motion of each of the N blades 3(k), The 
above equations are readily generalized to more 
tower motions x . , and more blade coordinates for 
each blade 

(a) Stability 

To examine Eqs. (33) for stability, one sets 
F^~0 and F^d<)=0 to obtain homogeneous equations. 

For rotors with 3 or more blades N > 3, one may 
eliminate the periodic coefficients in these 
equations by introducing new multi blade coordinates 
bQ(t), b^(t), b^(t) such that 

- b^(t) + b^(t) sin + b^(t) cos (35) 

Substituting these into Eqs. (33), then multiply- 
ing the last N equations by sin , cos ij;. , and 1 
respectively, then sunmiing these ^last N ^equations 
and noting that 

N N 

I sin % ^ I cos % ^ 0 
k-1 ^ k=l ^ 

N p ^ ? 

I sin = I cos ^l}. = N/2 
k=l ^ k=l ^ 


For N k 3 

(36) 


N 

I sin cos % - 0 
k-1 ^ ^ 


results in a new set of differential equations in 
the variables x, b , b , b which now all have 
constant coefficients , Samel y. 


For rotors with 2 blades, N=2, the analysis is 
more difficult because the rotor disk no longer 
has polar symmetry. If the same multi blade co- 
ordinates given by Eq.(35) are used in the basic 
Eqs. (33), the periodic coefficients would not be 
entirely eliminated since now, 

2 2 

I sin = 1 - cos 2^}. 
k=l ^ ' 


^ 2 

1 cos = 1 + cos 2^, (38) 

k=l ^ * 

2 

I sin cos = sin 
k— 1 

instead of the convenient constant terms given by 
Eqs. (36). A rough estimate of the stability and 
response can be obtained by simply time-averaging 
the resulting cos 2^^ and sin 2 i|j, variations to 
zero and using only the constant coefficient 
terms. This is equivalent to setting N=2 in the 
multiblade transformed Eqs. (37). 

For more accurate estimates for these 2-bladed 
rotors, one may use harmonic balance methods. 

This consists of first introducing new coordinates 
by(t) and b^(t) for these two blades such that, 

= = 6j - 6^ (39) 

then summing and subtracting the last two equations 
of Eqs. (33) while noting that sin ^ 1 

cos i|)p=-cos^|^p then expanding each "^of the coor- 
dinates in a harmonic series, 

X = Xo + x^^sinfit+ x-jQCOSfit+ X25sin2fit+ ... 

bj - bjQ + b^^^sinfit+ bj^^cosfit + ... 

^A ~ ^AO ^ b^]5Sinfit+ b^^QCOSfit+ ... 
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(40) 



where b-r^s b^-ics are all functions of 

time, ^ Placing these into 

Eqs,{33) and balancing out each harmonic term in 
each equation will yield a truncated series of 
constant^ coefficient differential equations. 

These equations may again be examined for stability 
using the standard constant coefficient tech- 
niques, described earlier. 


R.H.S, 


f F,(t) 

sTn,|;^ 

I COSl|), 

k=1 


(42) 


Often 9 depending on the form of Eqs. (33), the re- 
sulting constant coefficient differential equations 
will uncouple into several smaller coupled systems 
of equations which may be examined independently 
of one another. For example, for the case of 
Eqs,{33), one smaller coupled system would involve 
the variables Xq» X 2^, X2 q^ *^A15* while 

another would involve x-|j>, x-j^, b^^, ^A2C* ^A2S ’ 

... For such systems, one could use an alternate 
extended form of the multi blade coordinate trans- 
formation Eq.( 35) namely, 

X = Xo + y^2S 2f2t+ X2 €^os 2Qt+ ... 

3^*^^ - b|^ *^1C ^ 

together with the harmonic balance method to solve 
the problem. This works here, since the form 
given by Eq.(41) exactly duplicates the motion of 
the two blades given by the general case Eqs.(39) 
and (40) , since sin i()2=~sin , cos i(;2 ~”COS t|;-| , 

and only Xq, ^ 23* ^2C* ^AlC* ^AIS* •** would be 
present: However, in more general cases (for 

example, if the first equation of Eqs.(33) had an 
additional term M-jX cos or k^x cos 4^1 present), 

the resulting equations would not split into two 
smaller groups, and the general harmonic balance 
method Eqs.(39) and (40) would have to be used. 

Indeed, for the more general case mentioned above, 
one would also investigate the system for direct 
Mathieu equation type instabilities of half 
integer order Q/2, 3fi/2, ... by introducing 
additional harmonic terms sinmS^t and cos mnt 
where m=l/2, 3/2, 5/2, ... into Eqs.(40), and 
harmonically balancing as before. These terms 
would not couple in with the previous equations 
and can be solved independently of them. The 
primary instability region would result from the 
Q/2 terms. See Bolotin (ref. 10) for further de- 
tails of the general harmonic balance method. 

Also see Sheu (ref. 7) for an application of the 
alternate extended form of the multiblade trans- 
formation Eq.(41), to a simple two bladed rotor 
in ground resonance, 

(b) Forced Response 

For rotors with 3 or more blades, N^3, one uses 
the multiblade coordinate transformation Eq,(35) 
to eliminate the periodic coefficients in the 
basic equations of motion Eqs,(33), as described 
in the preceding section. The equations then re- 
duce to the constant coefficient equations given 
by Eqs. (37), only now the right-hand-sides are 


ik=l ^ J 

instead of the previous value of zero. Under 
steady-state conditions, the tower and blade forces 
generally occur periodically in multiples of the 
rotation frequency and can generally be 
expressed as. 


Fg^‘^\t) = Fpg + + Fg^(, cos iJj ^ + 


(43) 


where = J2t + (k-l)2TT/N, Placing the above 
forces ^ into Eqs. (42) and using the trigonometric 
identities and summations, 

sin j cos (m-l j cos(m+l)4/j^ 


CCS sim|; 


N 

I sin mip, 
k=l ^ 

N 

I cos mi|). 
k=l ^ 


etc. 
fN sin mij; 
1 0 

TN cos mi|^ 

I 0 


m = N , 
m / N, 
m = N, 
m / N, 


2N, ... 
2N, ... 

2N, ... 
2N, ... 


(44) 


one can obtain the right-hand-sides of Eqs. (37) 
in terms of either constants or harmpnic functions 
of mfit. The forced responses x(t), b (t), b (t), 
b (t) can then be found using the standard 
techniques for constant coefficient systems dis- 
cussed previously. It should be noted that be- 
cause of the multiblade transformation Eq. (35), 
the resulting responses for the tower motion and 
blade motions corresponding to the m^h harmonic 
% = m^^, would be of the form, 

x = cos6)^t - Xj sinojj^t 

coso)^t - boj sino^^t (45^ 

+ (bsR cos6)^t - bsj si nciij^t) sin^l^j^ 

+ (b^j^ cosoi^t - bj^j sincoj^t) cos^^ 

The tower thus oscillates at frequency in the 
fixed frame whereas the blades may oscillate at 
frequencies co^, relative to the 

rotating frame. 

For rotors with 2 blades, N ~ 2, the multi blade 
coordinate transformation Eq. (35) does not eli- 
minate the periodic coefficients, but rather 
changes the cos variations to cos 2^j^ varia- 
tions. A rough estimate of the response can be 


169 



obtained by simply t1me~averaging the resulting 
sin 2% and cos 2tP\^ variations to zero, and then 
proceeding with the remaining constant coefficient 
terms, as was done for the N>3 case. The results 
are likely to be somewhat off for the second har- 
monic, sin 2-^^ and cos responses. 


For more accurate estimates for these 2-bladed 
rotors, one can use the harmonic balance methods 
of the previous section. The steady-state peri- 
odic tower and blade forces given by Eqs, (43) 
are substituted into the basic equations of 
motions Eqs. (33). One then introduces the new 
coordinates given by Eqs. (39), then sums and 
subtracts the last two blade equations, then 
expands the tower and blade motions as given by 
Eq. (40), only now the coordinates xq» xjc, bjQ, 
bTis* are taken to be constants rather 

than functions of time. Harmonically balancing 
the various terms in each equation results in a 
truncated set of algebraic equations which can be 
solved to obtain the coordinates Xq, xig, 
etc., corresponding to the given forcing excita- 
tions Fxo» Fxiss F 3 is»...etc. The resulting 
tower and blade motions are then given directly 
by Eqs. (40) and (39). The resulting set of al- 
gebraic equations will often uncouple into smaller 
coupled sets of equations which can be examined 
independently of one another. This procedure is 
similar to that for the constant coefficient 
forced response case Eq, (8), except now, the 
periodic coefficients couple the different har- 
monics together. Thus, the solution will consist 
of many harmonics m^^ even if only one forcing 
harmonic F^^^ were present alone. 

ROTATING COORDINATES 


As an addendum to the previous multi blade coordi- 
nates and harmonic balance methods, it should be 
mentioned that for some problems, the use of ro- 
tating coordinates is also convenient. For ex- 
ample, in the case of a 2-bladed rotor on isotropic 
tower supports (same tower mass, damping, and 
stiffness in two directions, X] and X 2 )» Eqs. (33) 
would read. 


Mx^ + + k^x^ 



Mxg + 


S -4- 1 
dt 


'k ° 


Sx-| cosifij^ - Sxg 

= Fg('')(t) {k=1.2) 

One can then express the tower motions X] and X 2 
in terms of rotating coordinates and C2 which 
rotate with the rotor, as 


axis towards the x^ axis. Placing these equations 
into Eqs. (46), then multiplying the first two 
equations by eosi^Ji and s1nt|;] respectively and sub- 
tracting, then multiplying the first two equations 
by sini(;-j and cost];] and adding, then subtracting 
the third and fourth equations, then adding the 
third and fourth equations will result in a new 
set of differential equations in the variables Ct* 
E2» *^a» ^T which now all have constant coefficients, 
namely, 

+ 2n’?2 - '^X^l 

+ 2S( B^ * “ F^^cosRt - 

M(|'g *- - S2^Cg) + Cj^(tg - RC, ) + k^Cg 

- 4S$^B^ = F^|Sin^t + F^2C0^^^ 

2S(£^ + 2J2|g - S2^5-|) + 216^ + 2Cg6^ + 2kgB^ 

= F - F (2) 

2IS^ + ZC^hj + = Fg(^) + Fg^^^ (48) 

In the above, Br(3^^ ^+3^^^)/2 and Bx=(3^^ ^-3^^h/2 
are the same coordinates introduced earlier in 
Eqs, (33). These differential equations may then 
be investigated for stability and forced response 
using the standard constant coefficient techniques 
described earlier. Such analyses of a 2-bladed 
rotor on isotropic tower supports were also per- 
formed by Coleman and Feingold (Ref. 9) in their 
studies of helicopter ground resonance. 

Rotating coordinates are often used in rotating 
machinery shaft critical speed problems, and are 
useful for dealing with problems of rotors with 
unsymmetrical mass, unsymmetri cal damping, or 
unsymmetrical shaft stiffness supported on iso- 
tropic bearings. See for example, Bolotin (Ref. 11). 
For such problems, one can readily set up the 
equations of motion in the rotating frame direc- 
tions, and the fixed supports will Introduce no 
periodic terms because of their isotropic nature. 

For vertical axis wind turbines, such rotating 
coordinates for the blades are useful since the 
tower supports are generally isotrcpic due to the 
syiranetrically arranged guy wires. For horizontal 
axis wind turbines, the tower supports are generally 
not isotropic, hence periodic coefficients will 
remain in the equations when using rotating coor- 
dinates. If the support anisotropy is not too 
large, one can again additionally introduce har- 
monic balance methods to eliminate the periodic 
coefficients, as was done in the previous section. 

CONCLUDING REMARKS 


^ cosQt + ^2 sinr^t (47) 

X 2 =" sinQt + ^2 cosQt 
where the rotation is taken from the X 2 


The present article has reviewed two of the more 
common procedures for analyzing the stability and 
forced response of rotating systems with periodic 
coefficients, namely, Floquet methods and multi- 
blade coordinate, harmonic balance methods. Also, 
the use of rotating coordinates ’vas discussed. 
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The Floquet methods are based on a convenient 
numerical integration scheme and involves the com- 
putation of the "Transition Matrix," [Q]» 
which stability and the initial conditions for 
steady-state response solutions can be obtained. 
These methods seem attractive for large systems 
and can be modified to include non linear! ties in 
the equations. 

The multiblade and harmonic balance methods in- 
volve first the introduction of multi blade coor- 
dinates in order to take out the periodic coeffi- 
cients from the blades [Eqs.{35) for N>3], or to 
obtain a better ordered system of equations 
[Eqs.{39) for N=2]. Then, hannonic balance 
methods Eqs.(40) are used to deal with any remain- 
ing periodic coefficients. These methods seem 
attractive for smaller systems and can give con- 
siderable insight into the origin and nature of 
instabilities and the various harmonics present 
in the forced response. 

Rotating coordinates can also be used to effectively 
eliminate the periodic coefficients in problems 
involving unsymmetrical rotors on isotropic tower 
supports. These can often be used in rotating 
shaft critical speed problems and for vertical 
axis wind turbines. If the support anisotropy is 
not too large, harmonic balance methods may 
additionally be used to deal with any remaining 
periodic coefficients. 
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QUESTIONS AND ANSWERS 


J* Dugundji 


From; P.R. Barnes 

Q: The Singularity Expansion Method (SEM) introduced by Dr, Carl Baum of Kirkland APB, 

Albuquerque, NM is another, perhaps better, approach to solving these problems. 

Do you know about SEM? 

A: I do not. I have just dealt here with two of the move common methods fov deal- 

ing with these problems . 

From: W,E. Holley 

Q: Are you aware of any treatments of stochastic problems with periodic coefficients? 

A: I have not dealt with that aspect of the problem^ so I am not aware of them. I 

believe though that there is considerable literature on that subject. 
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AN APPROXIMATE METHOD FOR SOLUTION TO VARIABLE MOMENT OF INERTIA PROBLEMS 
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ABSTRACT 

The ’’weathering vaning” motion of a wind turbine with a moving rotor is an oscillatory problem with 
a variable moment of inertia. The analysis of such a motion requires the solution of a non-linear 
differential equation. In this article an approximation method is presented for reducing the problem to 
an equivalent constant moment of inertia problem. 

The method is based on the assumption that a moving rotor is an integrator and, therefore, the 
problem will behave as if it has an averaged moment of inertia. It is further assumed that this will be 
a valid solution to the problem if the rotating speed of the wind turbine is infinite. The method 
consists of determing the integrated average of the moment of inertia for a single rotation. This 
averaged value can then be used to determine equivalent natural frequency of the system and other dynamic 
properties. 

The method is shown to be valid by solving the non-linear differential equation for various rotating 
speeds. It was found that the cycle time is the equivalent cycle time if the rotating speed is 4 times 
greater than the systems minimum natural frequency. The ratio of equivalent to minimum cycle time is 

t/to = (Imax/Imin)^. 


INTRODUCTION 

The oscillatory motion of a system with a 
variable moment of inertia is complex. The 
analysis of such a motion requires the solution of 
a non-linear differential equation. In this 
article a method for reducing the problem to an 
equivalent constant moment of inertia problem is 
presented. 

The application which generated interest in 
this problem is the ’’weather vaning” of a wind 
turbine with a moving rotor. The method estab- 
lished here is applicable to any problem in which 
the moment of inertia is a variable about the 
axis of rotation such as the roll of a helicopter. 

The problem is illustrated in Fig. 1. It is 
desired to describe the motion of the system 
about the axis A-A while the rotor is moving. One 
can see from Fig. 1 that the moment of inertia 
about A-A varies from a minimum when the rotor 
is vertical (Position A) to a maximum when the 
rotor is horizontal (Position B) . This variation 
is continuous and cyclic with each turn of the 
rotor . 

One can also see from Fig. 1 that the problem 
cannot be handled with a single initial condition. 
A different and unique motion is obtained for each 
initial position of the rotor. Hence, the problem 
has a stochastic nature. 

ANALYSIS 

At any rotor position, the instantaneous 
moment of inertia of the rotor, I., about axis A-A 
is: ^ 

2 2 2 
I^ = mrj^ sin = I^sin ^ 

where m is the mass of the rotor. The terms r, 

k 



Fig. 1 - Problem Geometry 


and are the radius of gyration and the moment 

of inertia of the rotor about its axis of rotation, 
respectively. The moment of inertia of the rest 
of the system about A-A, which is constant, is: 



where I is the moment of inertia of the center- 
body ana h is the distance from the center of the 
rotor to axis A-A. The expression for the total 
moment of inertia I is the sum of the constant and 
variable portions 

I = I„ + I. = I + I sin^((i 
o 1 o r ^ 
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or 


I = 1^(1 + Jsin^,i}i) (1) 

where J = I /I , 
r' o 

When the entire system is oscillating about 
axis A-A with a moving rotor, it is apparent that 
the rotor is acting as an integrator of moment of 
inertia. It is hypothesized that if the rotor has 
an infinite angular velocity the moment of 
inertia I behaves as a constant integrated aver- 
age value. It is this hypothesis which is the 
basis of method presented here. 

To establish the utility of the method, 
assimiing for the moment that the hypothesis is 
correct, there are two questions which must be 
answered : 

1) What averaging technique should be used? 

2) How close must the speed be to infinite 
for the method to be useful? In other 
words, how fast is fast? 

The hypothesis is proven by examining the 
simple harmonic motion of the system in Fig. 1, 

The proof is valid for more complex situations 
such as those including damping and forcing 
functions. In demonstrating the proof, the 
method of solving a variable moment of inertia 
problem will be established. 

The equation for simple harmonic motion is: 

2 

j2 „ w a 

d a _ “Ka _ - o 

2 - 2 

dt I 1+Jsin (ujt) 

and 

(D ^ = K/I (3) 

o ' o ^ ^ 


where K is the torsional constant and w is 

o 

defined in Ea. 3 as the reference freauencv for 
the system. In writing Eq. 2, the moment of 
inertia I has been replaced by Eq. 1 and the 
rotor angle c}> has been replaced by rotor angular 
velocity w and time t. 

Eq. 2 is dimensionaiized by letting 


T = t/t = 0) t 

o o 

n = w/o) 

o 


and 


0 = a/a 


where a is the initial angular displacement, 
o 

Substituting these expressions into Eq, 2. one 
has 2 

^ ^ = -k8 

dx 1+Jsin Cnx) 


The term k is defined as the natural frequen- 
cy ratio 

k = — ^2 = 5 

1+Jsin (ht) 


and can be used to obtain the natural frequency of 
the system at anytime. 


The hypothesis states that as the rotor angu- 
lar velocity approaches infinity, the natural 
frequency ratio k approaches a constant integrated 
average value. The average value is obtained by 
integrating Eq. 5 over a quarter cycle 


ic 



2 

Tf 



d<{) 


1+Jsin^<i 


tt/2 

2 r dip 

IT V rr • 2^ 2^ 

0 (J+l) sin 4>+cos 


C6) 


From a table of definite integrals*, one obtains 


tt/2 

f 


o 


dx 


2 2 2 2 
a sin x+b cos x 


?r 

2ab 


k = -i- 




(7) 


Eq, 7 is the answer to the first question. Since 

J + 1 is I /I . , a more convenient fom for 
max mxn 

Eq, 7 is 


t/t = Cl /I - 
o max min- 


es) 


The hypothesis is proven if it can be shown that 
the system oscillates at a cycle time defined by 
Eq. 7 as n increases. It should be noted in 
passing that the averaging method defined by Eq. 6 
is the proper one. Initially, the following 
averaging was used which is incorrect. 


27T 




1+Jsin 


The error the author made was. that reciprocal of 
the average is not the average of the reciprocals. 

Eq, 4 is a non-linear differential equation. 

It was solved numerically for a number of cases of 
n and J using the Continuous System Modeling 
Program (CSMP) which is standard IBM software. 

The solution to th^ differential equation 
with time ratio x is presented in Fig. 2 for J = 1., 
One can see that the frequency shifted signifi- 
cantly with increase in rotor speed from n = 0 to 
n = 1. Fig. 2 also shows a significant change in 
displacement with speed ratio n. In 3 reference 
frequency cycles, the solutions for other than n = 

0 does not appear to be repeating indicating the 
stochastic nature of the problem. 


*Handbook of Chemistry and Physics, Chemical 
Rubber Publishing Co. 
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Fig. 2 - Displacement Response with 
Variable Rotor Speed 


In Fig, 3 the time ratio t for the first 
cycle is presented with increasing rotor speed 
ratio n. The limiting value as predicted by Eq. 
7 is indicated in Fig. 3. One can see from Fig. 
3 that the time ratio equals the limiting value 
when n > 4. Hence, the hypothesis is proven and 
the second question is answered. 


The curves in Fig. 3 are smooth even though 
the Fig. 3 does not indicate it. The curves all 
start at T - 2*n- because the problem was always 
started with the system at minimum moment of 
inertia or with rotor at Position A, If the prob- 
lem were started at maxirntjon moment of inertia, the 
solution would have started at ^ ^ 2-n /j + l 

At any other position the solution would start 
anywhere in between. It is the variation in 
moment of inertia with rotor position that causes 
the oscillation of the first cycle time ratio in 
Fig. 3 before it "damps” down to the limiting 
value. 

It appears from Fig. 3 that as J increases 
the first cycle time ratio approaches the limiting 
value more quickly. The reverse is also true. 

The solution for J = 0 is a constant horizontal 
line as indicated in Fig, 3. The speed ratio for 
utilizing the limit solution may maximumize with 
J. 


concluding remarks 


In conclusion, it can be stated that: 

1) The hypothesis is true. 

2) A variable moment of inertia problem can 
be analyzed as a constant moment of inertia prob- 
lem if the rotor speed is 4 times the reference 
frequency, which is based on minimum moment of 
inertia. 

3) The method of solution is to multiply 
the reference frequency by the fourth root of the 
minimiim to maximum moment of inertia ratio to 
obtain the system *s natural frequency. 

4) If n > 4 the initial starting point is 
not important and the problem is deterministic. 



Sp«e4 lUCio. n 


Fig. 3 - First Cycle Time Response 
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QUESTIONS AND ANSWERS 


E,W, Beans 


From: T. Base 

Q; When you set up your initial equations, why didn't you write them in form 

^ (l|i) = Applied Torques (including damping) 
dd) *^^m 

so that: dt ^ ^dt^ “ Applied Torques 

then the rate of change of with time could be used directly in the equations. 

A: The equation you wrote is not the one I wanted to solve, lour equation appears to 

have a velocity dependent term. Since dl/dt varies cyclic I would try to solve it 
using the averaging technique , 

From: Art Smith 

Q: Do you plan to check your results with a more exact method? 

A: Ho, My results appear to satisfy application for which it was developed. 

From: G. Beaulieu 

Q: You have considered rigid blade for your analysis; could the harmonic deformation 

of a vibrating blade significantly change the moment of inertia? 

A: Tes^ if the mass center is displaced. 

From; Dan Schiff 

Q: Does your solution account for dynamic effects, e.g., gyroscopic effects—or only 

static? 

A: Ho^ hut the method should he applioahle to the solution of any equation with cyclic 

coefficients . 


lie 



COMPUTATION OF THE MODES AND POLAR MOMENT OF INERTIA OF THE BLADES OF AN HAWT 

Ge Beaulieu and D* Noiaeux 

Institut de Recherche d’Hydro-Quebec (IREQ) 

1800 Mtee Ste-Julie 
Varennes, Quebec, Canada, JOL 2PO 

ABSTRACT 

The numerical solution of the coupled differential equations of motion of the blades of an horizontal 
axis wind turbine is a more direct approach than the technique of finite elements, permitting the 
optimization of the design at relatively low cost* The procedure consists in transforming the equation 
of motion into a set of first order equations and solving them with fourth order Runge—Kutta integrators* 
This technique is applied to a twisted, tapered blade of variable cross section and stiffness including 
discontinuities* The first six natural frequencies and mode shapes are obtained. 

This technique is extended to obtain the polar moment of Inertia of the blades as a function of 
frequency and rotational speed. 

A good match with the experimental results is achieved* 


INTRODUCTION 

The accurate determination of natural frequencies 
is of fundamental importance in the design of 
wind turbine blades. Similarly, the polar moment 
of inertia of the blades is required for the 
study of the torsional dynamics of the drive 
train. 

Rotor dynamics is often studied with the use of 
large and specialized finite elements computer 
codes* However, the availability and cost of 
operation of these programs limit their use, and 
a more direct approach could be beneficial* The 
direct solution of the coupled differential 
equations of motion of the blade is such an ap- 
proach, permitting optimization studies at low 
cost* This paper presents a model of a nonuni- 
form, tapered, twisted cantilever wind turbine 
blade and a method of solution* 


namic forces. These will be included in further 
studies dealing with the optimization of small 
capacity wind turbines. 

An important extension to this model consists in 
the formulation of the polar moment of inertia of 
the rotor in terms of a couple at a frequency w 
applied to the hub and the resultant angular ac- 
celeration of the rotor. A direct method using 
the shear forces and moments produced by each 
blade at the hub and an integral from using the 
in-plane displacements (mode shape) along the 
blades are formulated and the numerical results 
compared. The polar moment of inertia is then 
obtained as a function of frequency and rota- 
tional speed* 


THE EQUATIONS OF MOTION AND THE TRANSFORMATION 
METHOD 


For the purpose of demonstrating the method, only 
the in- plane and out-of- plane bending modes are 
considered since the torsional modes occur at 
frequencies much higher than the bending modes 
because of the high torsional rigidity of the 
blade. The coupled differential equations of 
motion were transformed into a set of first order 
equations and solved with Runge-Kutta numerical 
integrators. The turbine blade under study has 
major stiffness dicontinuities. The blade is 
therefore considered as if made of adjoining 
segments, each one having a varying stiffness. 

The first and second derivatives of the stiffness 
curves evidently have to be considered. The con- 
tinuity of the shear forces and moments was im- 
posed between each segments of the blade. With 
these variations of the Runge-Kutta method it is 
possible to obtain the resonant frequencies and 
the normalized distributions of displacement, 
bending moment and shear force for the first six 
bending modes. The coriolis forces and the 
tension force due to centrifugal loading are in- 
cluded* The modes of vibration are computed for 
a regime of rotational speed* The normal and 
tangential aerod 3 mamic loading at each section of 
the blade could be included as extra terms in the 
differential equations; however, this paper con- 
siders only a rotor turning without the aerody- 


Lets consider a turbine blade turning outside the 
aerodynamic and gravity field with its main axis 
perpendicular to the rotation axis mounted as a 
cantilever into a rigid hub. The tension in the 
blade due to centrifugal loading is included. If 
the blade elongation is assumed to be small re- 
lative to the transversal displacements, it can 
be demonstrated that the coriolis forces become 
negligeable._ When only the in-plane and out-of^ 
plane bending motions are considered, the coupled 
differential equations become: 


r 2 
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These equations are a subset of the equations of 
Houbolt and Brooks (ref* 1) and an extension of 
the equations of Canergie and Dawson (ref. 2) for 
a twisted blade, in these equations, the tensio-n 
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T at any section of the blade is independent of 
the vibration frequency o) but proportional to 
and represented by; 


T 



m(z)z9z 


( 2 ) 


Taking the first and second derivatives of the 
terms in braket while considering the moments of 
inertia Ixx> ^yy ^xy variable along the z 
axis, the system of equation (1) becomes: 


El u*’' + El V 

yy xy 


+ I” v" ^ I 
xy yy 
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They can be conveniently represented by: 

n = h (=' h* ""a* •••• h) 
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(3a) 


i = 1, 2, 


( 6 ) 


El u’'' + El v*^ 
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^(0^ + 
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XX 


+ Tv” + T’v’ 


(3 b) 


where ( )’ and ( )”••• Indicate the first, sec^ 
ond, •••, derivatives with respect to z. It is 
seen from these equations that the in- plane and 
out-of-plane bending are coupled through and 
its first derivative Ixy* 


The method of transformation of variables, first 
proposed by Canergie and Dawson (ref# 2) is gen- 
eralized by applying it at any frequency of vi- 
bration and not exclusively to find the resonant 
frequency# The two fourth order equations are 
transformed into eight first order equations by 
the following substitutions: 



‘5 " 

= u' 

= V (4) 

= " 


^plying the appropriate boundary Conditions, it 
is then possible to solve equation (6) with the 
use of Runge-Kutta numerical integrators# 


The displacements and their first, second and 
third derivatives are then obtained# From these, 
one can compute the distributions of the shear 
forces and moments by the usual relations: 


F = -E 
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X xy yy J 
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(7b) 
(7 c) 
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THE BOUNDARY CONDITIONS 


By substitution and differentiation the following 
eight first order equations are obtained: 


El Y! + El Y1 - -E 21’ Y, + I" Y. 
xy 1 yy 2 xy 1 xy 3 

+ 2 1’ Y„ + I" Y, + T Y, + T’ Y. 
yy 2 yy 4J 4 6 


+ mO) Yq 
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El y; + El Y^ 
XX 1 xy 2 


2 = [2 q 

+ I" Y, + 2 I' Y, + I" Y,1 
jqr 4 XX 1 xx 3 


xy 2 


+ T Y^ + T’Y^ + m 


Y* - Y 

^3 M 


(5b) 


Consider the turbine blade shown in figure 1. 
The longitudinal' axis of the blade is the z axis 
and the 'rotor turns in the y-z plane. The x axis 
is the axis of rotation# The blade is mounted in 
a rigid hub at 6% of its span (£) and has a total 
length of 4.95 meters (L). 


Because the blade is rigidly mounted the boundary 
conditions are: 

u = V = u’ = v’ = 0 at z = 

tha<- is yi(i) “ 0 for i - 5, 6, 7, 8 (8) 

At the free end the conditions are; 

u” « v” = u“* = v”* — 0 at z = L 

since the moments and shear forces are zero; 
that is Y^ (L) = 0 for i = 1, 2, 3, 4 (9) 


(5c) 
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Section A- A 


Figure 1 - Geometry of IREQ turbine blade 


These boundary conditions apply to a stationary 
blade. When the hub is allowed to rotate around 
the X axis the conditions at the free end remain 
unchanged but the displacement v and its slope v* 
are different from zero at z = However, u and 
u’ remain zero since the hub is assumed rigid. 
Therefore, if the rotor is allowed to spin and 
oscillate in the plane of rotation the boundary 
conditions at z = ^ become: 

u * u* = 0 

V = v(^) (10) 

V* = v(Z)/i 

This last condition is the consequence of the 
rigid hub being displaced by an amount v(jl) at £. 


4) Step (3) is repeated by successively 
setting each of the unknown boundary 
condition to the arbitrary value Co» 
In this way four sets of starting 
boundary conditions are obtained for 
z = 



(r)case u v u’ v’ u’ v u v 

1 o o o o C o o o o 

2 o o o o o Co o o (13) 

3 O O 0. 0 0 0 Co o 

4 o o o o o o o C o 


THE METHOD OF SOLUTION 

giving four sets of solutions for the 
The method of solving equation (5) is as follows: free end: 


1) A value is selected for the frequency 
0 ); 

2) The four known boundary conditions 
(equation 7) at the root are set and 
the four unknown conditions are given 
arbitrary values namely: 

Yf = Co, = 0 (11) 

3) From these eight boundary conditions at 
the root a solution is obtained with 
the use of fourth order Runge-Kutta in- 
tegrators. Eight values, Y]^ to Y3, are 
obtained for the free end: 

(i = 1,2, .,.,8) 

(r = 1) (12) 


""i.r " ^i.r == 1*2 8) 

(r = 1, 4) (14) 

5) The solution of equation (6) is a 
combination of these four solutions. 
Namely, 


Y,(z)= £ a^Y 

r=l * 


(i = 1, 2, ..., 8) (15) 

However, the known boundary conditions at the 
free end are for a cantilever blade: 


Y. (L) = 0 (i - 1,2,3,4) (16) 


where the subscript r - 1 indicates the since the shear forces and moments must be zero, 
solution with the first group of bound- The right hand side of equation (15) can then be 
ary conditions; partitioned: 
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4 

V a F. = 0 (i - 1,2,3, 4) (17) 

6 ) A non-trivial solution is possible if 
the determinant of the coefficients 
Fi^r^f equation (17) is equal to zero 


(r = 1 , 2 , 3, 4) (18) 

Therefore, the above steps are repeated with in^ 
creased values of the vibration frequency to until 
equation (18) Is satisfied. That to then corre- 
sponds to a resonant frequency. 

7) Having found the resonant frequency 
aj^ is set to 1 and 32 , a 3 and 34 are 
computed giving the four unknown 
boundary conditions at the anchor 
point. 

8 ) The solution is repeated once more with 
the following initial conditions: 


« 0 (i « 1,2,3, 4) 



In addition to the displacement u & v the shear 
forces and moments are computed at each blade 
station with equations (7a) to (7d). 


The method described above was first used by 
Canergie and Dawson (ref. 2) to find the natural 
frequencies of a straight constant section blade. 
Its application here is extended to twisted, 
tapered blade having discontinuity of rigidity. 


TURBINE BLADE CHARACTERISTICS 

The turbine blade used on the 40 kW, 10 meters 
IREQ wind turbine is a twisted, tapered composite 
blade made principally of steel and fiberglass. 
Figure 1 shows its construction. Its assymetric 
aerodynamic profile is NACA 4415. The chord is 
44.45 cm at the root and 10.92 cm at the free end 
with a thickness varying from 7.11 cm to 1.78 cm. 
The twist angle 6 goes from 4 7.2 degrees to 2 
degrees at the tip. 

The principal moments of Inertia Ixxg 
for a group of typical blade sections were com- 
puted from an engineering drawing of the blade 
and were transformed into the blade principal 
axis (in- plane and out-of- plane) by the usual 
relations; 

1 = I cos^B + I sin^B 

XX xXg yy^ 

I =1 cos^ B + I sln^B 

yy yy^ xXg 


BLADE CHABflCTERISTlCS 



Figure 2 - IREQ turbine blade characteristics 



The Ixxs and lyyg for each element of the blade 
section are equivalent moment of inertia based on 
the same reference modulus of elasticity E* The 
blade actual geometry was found to be signifi- 
cantly different from the drawing geometry. The 
moment of inertia Ixxg 21 ^^ Vys then cor- 
rected to account for these manufacturing inac- 
curacies. The values used as input to the modal 
analysis program are shown in figure 2. The root 
sections of the blade is approximated by linear 
distributions while the all fiberglass section 
from the end of the steel insert to the blade tip 
was approximated by a polynomial computed from 
twelve input data points. The first and second 
derivatives, of Ixxt lyy and I^^ were numerically 
computed from the above distributions. 

In order to take care of the discontinuities of 
stiffness, the blade is divided into three sec- 
tions, the first from the anchor point to the 
blade root section, the second up to the end of 
the steel insert and the third to the tip of the 
blade . 

The numerical integration is done from the anchor 
point to the tip of the blade in a continuous 
manner except that the values of four of the 
eight state variables (Yl to Y 4 ) are varied in a 
stepwise manner at the two major discontinuities 
of the blade. This is done because the state 
variables being integrated at each segment of the 
blade are the numerical derivatives of the dis- 
placements u and V, namely u* , v* , u" , v”, u*’* and 
V**' and not the forces and moments in the blade. 
The physical quantities that must be continuous 
are the displacements, the slopes, the moments 
and the shear forces and the tension, not the 
derivatives. Therefore the continuity of the 
boundary conditions become: 
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The indices - and + represent the sections imme- 
diately to the left and immediately to the right 
of the discontinuity. Using equation (7a) to 
(7d) and equation (20), it is possible to find 
new values (the + values) for the derivatives u”, 
v”, u"*, and v"' that will ensure the continuities 
of the forces and moments across the dis- 
continuity. Performing the appropriate algebra 
on equations (7) and (20), we get: 



It is clear that the shear forces and bending 
moments computed with this method are not exact 
in the immediate region of the discontinuities. 
However the distribution should not be affected 
in regions farther from the discontinuities. 


FORMULATION OF THE POLAR MOMENT OF INERTIA 

The polar moment of inertia J of an horizontal 
axis wind turbine rotor is required for the 
analysis of the dynamic torsional stability of 
the drive train. J varies with the vibration 
frequency 0) and the rotational speed • The 



Figure 3 — Internal forces and moments at the 
blade anchor point. 


variations of J are mainly caused by the trans- 
verse vibration of the blades. The polar moment 
of inertia of the rotor, excluding the hub, is 
defined at a frequency o) by: 

C 

-w 0 

where Cv is the amplitude of the couple applied 
by the hub at the frequency (O and -0)^0 is the 
angular acceleration of the hub. For a sym- 
metrical three bladed rotor, J will be three 
times the polar moment of inertia of one blade 
computed with respect to the rotor hub. 

When a blade vibrates at a frequency O) , an in- 
ternal shear force and moment appear at the 
anchor point as shown In figure 3. The shear 
force and moment produced by the out-of-plane 
vibrations are reacted upon by the rigid hub and 
do not appear in the formulation of J. However, 
the hub is free to rotate around its axis and the 
in-plane vibrations will be reacted by the rotor 
hub in the form of a couple. The sign conven- 
tion shown in figure 4 is introduced such that 
Fy = - §M /3Z. The external couple , applied 
by the hub is then: 

C = - F (2-) ^ - M (i^) (23) 

V v v 

The tension T, being purely radial at the hub, 
does not produce any couple. The external couple 
expressed by equation (23) is then introduced in 
equation (22) to give: 

-F («.) i - MU) 

j = - ^ (24) 

-(0 v(«,)M 



Figure 4 - Positive directions of shear forces 
and moments 
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since T is radial at il', F (it) and M (£) become: 
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z = I 


solved in the manner described above except that 
a value is chosen for oo and the arbitrary value 
C 4 used as initial condition for (v*’*) is 
varied until the determinant (equation 18) 
becomes zero# When a solution is obtained for 
that U), equations (30) and (31) are used to com- 
pute J# This procedure must be repeated for each 
value of (jO with the following boundary conditions 
at z = ^ : 


If the blade section is uniform and symmetric at 
the anchor point (a circular section for the IREQ 
blade) we have: 


I* it) = I’ it) - I (il) = 0 
XX - xy xy 


(27) 


and (25) and (26) become: 
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(29) 


These boundary conditions were explained earlier* 


giving 


J « 


EIx^(7) |“v”(jl) - tv’Xt) 


(30) 


In this last equation, the polar moment of iner- 
tia of one blade is expressed in terms of the 
forces and moments at the rotor hub. 

Another representation of the polar moment of 
Inertia is possible if one considers the in- plane 
displacements of the blade as it vibrates at a 
frequency 0 ). By using integration by parts on 
equations (1) and (7) and applying the 
appropriate boundary conditions, it can be 
demonstrated that 


J 



m V z dz 


(31) 


At a very low frequency, the blade is not de- 
formed and moves as a rigid body; v(z) becomes a 
straight line 

v(z) = v(jO z/t (32) 

and (31) takes the well known form of the static 
moment of inertia: 


Jo 



2 

m z 


dz 


(33) 


Both equations (30) and (31) can be used to 
compute the polar moment of inertia but the 
integral formulation is inherently more exact 
from the numerical point of view because it only 
uses the blade in-plane displacements while 
equation (30) uses in addition the second and 
third derivatives of these displacements at the 
hub anchor point. 


NUMERICAL RESULTS FOR THE MODES OF VIBRATION 

The natural modes of vibration for the IREQ HAWT 
blade have been computed for the following 
conditions: 

1) The first six modes of a stationary 
cantilever blade. 

2) The first six modes of a cantilever 
blade at 100, 200 and 300 RPM. 


FIRST MODE 

i'«eaucNcr« 2.87226 neftTi 



Figure 5 - First out-of-plane mode 


In order to compute the polar moment of inertia, 
the equations of motion of the blade must be 
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SECOND NODE 





FOUBTH HOOE 

r«8QUENCr* ai.msas hcatz 



Figure 6 - Second out-of- plane mode 


Figure 8 ^ Third out-of-plane mode 


Third hooe 

FneauENcr* lo.szsti HcnTz 






For each of these cases, the following has been 
obtained: 

1) The resonant frequencies (poles). The 
zeros are also available from the polar 
moment of inertia curves. 

2) The normalized in- plane and out-of^ 
plane displacement curves or mode 
shape. 

3) The normalized in- plane and out-of- 
plane shear force and bending moment 
distribution curves. 

The results presented here are valid only for a 
blade mounted perpendicularly in a rigid hub. 
Only the coupled in- plane and out- of- plane 
bending modes are considered, torsion being 
neglected. One blade was tested experimentally 
in the laboratory for the stationary case only. 
The analytical and experimental frequencies are 
compared in table I. 


MODES 

ANALYTICAL 

EXPERIMENTAL 

1 

2.872 

2.80 

2 

8.387 

8.00 

3 

10.627 

10.99 

4 

21.415 

18.66 

5 

31.384 

27.39 

6 

37.474 

30.77 


Table I. Natural resonant frequencies in Hertz 
for a stationary blade. 
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It can be seen that the natural frequencies are 
in close agreement for the first few modes® The 
larger discrepancies for the higher modes are 
believed to be caused by some uncertainty in the 
construction causing local variations of mass and 
stiffness which would affect mostly the higher 
modes® Also, the fact that the blade support was 
not perfectly rigid, means that the observed fre- 
quencies would be lower than the one predicted 
under the cantilever assumption* Finally, the 
excitation of the blade was done with an electro- 
magnetic exciter which requires some attachment 
hardware at the tip of the blade* This addition 
of mass at the tip, also tends to lower the fre- 
quenc ies* 

The normalized mode shapes, shear forces and 
bending moments distribution curves are shown in 
figures 5 to 10 for a stationary blade. Coupling 
between the in- plane and out- of- plane modes is 
evident from the figures. It should be noted 
that the blade stiffness discontinuities at blade 
station 0.10 and 0.22 do not affect the conti- 
nuity of the distribution of the bending moment 
and of the shear force. 

The same computations were done for a rotating 
blade at 100, 200 and 300 RPM. Table II shows 


MODE 

RPM = 0 

RPM = 100 

RFM = 200 

RPM - 300 

1 

2.872 

3.728 

5.421 

7.183 

2 

8.387 

8.649 

9.099 

9.594 

3 

10.626 ! 

11.228 

13.031 

15.703 

4 

21.415 , 

22.143 ] 

24. 161 

27.117 

5 

31.384 

31.593 ! 

32.206 

33.143 

6 

I 

37.474 

38.206 1 

40.246 

43.486 


Table II. Resonant frequencies of a rotating 
blade. 

the resonance frequencies obtained. The effect 
of the rotational speed on the resonance fre- 
quencies for the three first modes is shown in 
figure 11. The agreement with some experimental 
results is good. 


NUMERICAL RESULTS FOR THE POLAR MOMENT OF INERTIA 

The polar moment of inertia of a three bladed 
rotor has been computed for vibration frequencies 
up to 70 radians/sec and rotational speed up to 
200 RPM. The values of Jp -|- m obtained with the 
formula using the shear force and moment (equa- 
tion 30) and the values Jf obtained with the 
integral formula (equation 31) give comparable 
results. However, as mentioned earlier the 
values of Jf are implicitly more accurate than 
the values of Jp + m- This fact is demonstrated 
numerically by observing that at very low fre- 
quencies, the value of Jj. remains constant for 
all RPM used while the "^value of Jp -f m shows 
small variations for each rotational speed 
considered. 


FIFTH MODE 

FReqU£NCT« 31.38390 MCRTZ 



'0.0 O.l 0.2 0.3 0.14 0.5 0.8 0.7 0.8 0.9 l.O 



Figure 9 - Second in- plane, mode 


SIXTH MODE 

FREQUCNCT- 37. 147387 HCfiTI 




Figure 10 - Fourth out-of- plane mode 
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VIBRATlOtt FREOUENCIES (HERTZ) 


YIBRamFREQUEHUES 


0 Analytical 
# Experimental 



Figure 11 ~ Effect of rotational speed on vi- 
bration frequencies 


The variation of the polar moment of inertia with 
the vibration frequency and rotational speed is 
presented in figure 12, Only the values of Jj 
are shown. The p61es (resonant frequencies) and 
the zeros can be seen on this graph. The nu- 
merical value of the zeros are presented in 
table III. 






ZEROS 

RPM - 0 

RPM = 100 

RPM « 200 

1 

2,916 

3,789 

5.588 

2 

9.912 

10,689 



Table III. Zeros of the rotor in Hertz 

It can be seen that the value of J is relatively 
constant at low frequency and comparable (less 
than 0,47% at w = 0*5 rad/sec) to the static 
value J^,. ^ (The static value is 807,29 newton- 
meter-sec . ) 

If damping had been Included in the equations the 
extreme variations of J at a p61e would be re- 
duced, especially when a zero is very close to a 
p61e, as is the case for the first mode. With 
damping the pole-zero doublet would produce only 
a small variation in J, its importance depending 
on the separation between the p61e and the zero, 

CONCLUDING REMARKS 


POLAR MOMENT OF INERTIA OF ROTOR 



Figure 12 - Variation of polar moment of inertia 
in fonction of vibration frequency 
and rotational speed 


A mathematical model and its method of solution 
have been presented for a tapered twisted, can- 
tilever wind turbine blade with discontinuous 
stiffness. The two fourth order differential 
equations representing the in- plane and the out- 
of^-plane motion of the blade have been trans- 
formed into eight first order equations and 
solved with Runge-Kutta integrators. The blade 
discontinuities have been approximated by im- 
posing the continuity of displacements, slopes, 
bending moments and shear forces. The centrifu- 
gal force is included in the model; the coriolis 
force was found to be negligeable- The polar 
moment of inertia of a three bladed rotor is for- 
mulated considering either the in-plane bending 
moment and shear force at the anchor point or the 
integral of the in- plane displacements for vi- 
brating, rotating blades. 

It has been demonstrated that the method is 
Sufficient to compute the natural frequencies and 
mode shapes of a stationary or rotating wind tur- 
bine blade with large discontinuities in stiff- 
ness, The normalized distributions of bending 
moment and shear force are also computed. The 
polar moment of inertia has been computed as a 
function of frequency and rotational speed. Good 
agreement with experimental frequencies has been 
observed. 

The computer program can be used efficiently for 
the structural optimisation of the blades of 
horizontal axis wind turbine. The computer time 
and memory requirements are relatively small (ap- 
proximately 20 sec and 200 K with an IBM 370, for 
each mode) so that parametric studies are pos- 
sible. 
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NOTE: 


NOMENCLATURE 


Numerical results of vibration frequencies and 
mode shapes for discontinuous turbine blades 
published by Lang and Nemat - Nasser (ref* 3) 
became known to us just recently, after the 
analysis presented here was completed. The 
accuracy of the method proposed here will be 
compared later with the results of reference 3* 
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= Coefficients in numerical solu- 
tion 

= Arbitrary constants used in nu- 
merical solution 

- Couple applied by hub at anchor 
point of the blade 

= Young's modulus 

~ Shear forces in x and y direc- 
tions 

= Moment of inertia of blade about 
X axis 

=* Moment of inertia of blade about 
y axis 

= Product of inertia 
= Total length of blade 

- Distance between axis, of rotation 
and anchor point of the blade 

=* Bending moments about x and y 
axis 

“ Mass of blade per unit length 
= Rotational speed in rev /min 
= Tension force in blade 

- Displacement along x axis 
” Displacement along y axis 
= Cartesian coordinates 

= Variables of transformation 
* Twist angle of blade 
“ Angular displacement of rotor 
= Rotational speed of rotor 
= Vibration frequency 
== First derivative with respect to 
z 

- Second derivative with respect to 
z 

« Third derivative with respect to 
z 

= Fourth derivative with respect to 
z 
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QUESTIONS AND ANSWERS 


G, Beaulieu 


From: W.C, Walton 

Qi Would you agree that the root support stiffness should affect the lower inodes first 
so that this is probably not the explanation for higher mode errors? 

As True, The support stiffness could explain the lower frequency in the first few 
modes, while unknown mass and stiffness distribution and the tip mass addition 
of the electromagnetic exciter could explain the deviations for the higher modes, 

Froms W.N. Sullivan 

Qs How were the experimental resonant frequencies shown measured on the turning 
rotor? 

As Directly measured from strain gages recording on strip charts. ^e would have pre^ 
f erred magnetic tape recording and spectral analysis , 

Froms A, Wright 

Qs Why do the boundary conditions for edgewise displacements change if hub is free to 
rotate? 

As yhen the huh is free to rotate, an in-plane displacement v(l) is present at the 
anchor point and similarly the slope of this displacement is v(l)/l. If the huh 
would he fixed, v and v^ would equal zero. 

From: Y,Y. Yu 

Q: Could you elaborate further on the blade construction? 

As Referring to Figure 1, we can see the stall shaft and plate 
The steel is hounded to the fiberglass hox which is present 
of the hlade. The fiberglass hox is hounded to the outside 
profile, 

Froms A.D, Garrad 

Qs Do you have an estimate for the damping in the blade? 

As No, hut some stationary hlade vibration tests are being done now and exponential 

decay will he measured to obtain an estimate of structural damping. Aerodynamic 
damping will not he measured. 


insert near the root, 
for the complete span 
skin having a NACA, 4415 
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DYNAMIC ANALYSIS OF OARRIEUS VERTICAL 
AXIS WINITWRBIN^ ~ 


D, W. Lobitz 

Sandia National Laboratories 
Applied Mechanics Division 
Albuquerque, New Mexico 87185 

ABSTRACT 

The dynamic response characteristics of the VAWT rotor are Important factors governing 
the safety and fatigue life of VAWT systems. The principal problems are the determina- 
tion of critical rotor speeds (resonances) and the assessment of forced vibration re- 
sponse amplitudes. The solution to these problems Is complicated by centrifugal and 
Coriolis effects which can have substantial Influence on rotor resonant frequencies and 
mode shapes. This paper will describe and discuss the primary tools now in use at 
Sandia National Laboratories for rotor analysis. These tools include a lumped spring- 
mass model (VAWTDYN) and also finite-element based approaches. The discussion will 
center on the accuracy and completeness of current capabilities and plans for future re- 
search. 


INTRODUCTION 

The primary goal at Sandia in the dynamic 
analysis of vertical axis wind turbines 
(VAWT) is to accurately predict vibratory 
and mean stress levels throughout the rotor 
system. In most VAWT designs to date, 
quasi-static analysis methods have been 
the primary tools utilized for dynamic 
analysis. This simple approach was 
motivated by the observation that the VAWT 
rotor Is stiff relative to the excitation 
frequencies. However, experience has 
Indicated that substantial resonances can 
and do occur for certain operating condi- 
tions In the VAWT rotor. There is clearly 
a need to construct relatively complete 
dynamic models to Identify critical reso- 
nance conditions and, for near resonant 
operations, to predict dynamic amplifica- 
tion factors. 

Techniques for predicting vibratory stress 
levels near resonance are hampered by un- 
certainties In the aerodynamic wind load- 
ing and structural damping. In the lat- 
ter case, since the VAWTs encountered to 
date have all been very lightly damped 
(.1 to .5% of critical), near resonance, 
slight variations In the magnitude of the 
damping produce large variations in the 
vibratory stress levels. 

Although techniques for predicting vibra- 
tion amplitudes are still being pursued, 
the major effort Is being expended on 
developing methods to Identify critical 
resonances. With a knowledge of the 
natural frequencies of the turbine and the 
frequency content of the aerodynamic wind 
loading, both as a function of the turbine 
operating speed, one can Identify possible 
turbine speeds which may produce resonance. 
Some of these critical speeds can be eli- 
minated by considering the modal content 


of the wind loading as compared with the 
mode of vibration In question. 

This all seems stral ghtforward enough, 
but It Is considerably complicated by 
the fact that the turbine modes and fre- 
quencies as well as wind forcing func- 
tions must be obtained relative to the 
rotating frame. Due to this added com- 
plexity and a scarcity of Intuition for 
the behavior of rotating structures, 
experimental data have been relyed upon 
whenever possible to verify the mathema- 
tical models. 

HISTORY 

Originally at Sandia, finite element 
techniques which accounted only for the 
rotational effects of centrifugal stiffen- 
ing were used to determine the spectral 
characteristics of VAWTs. A version of 
the SAP IV code, modified to include 
centrifugal stiffening, was utilized In 
this regard. It had also been deter- 
mined, from symmetry arguments, that for 
two-bladed rotors, modes which involve 
axl symmetric motion about the turbine 
axis are driven only by even per rev 
excitations, whereas modes which Involve 
lateral tower motion are driven by odd 
per rev excitations. A fan plot for the 
DOE/Alcoa low-cost 17 meter turbine which 
was generated with SAP IV Is shown in 
Fig. 1. 

The first revelation that this dynamic 
analysis technique was Inadequate came 
when Alcoa's ALVAWT 6342 turbine was put 
into operation. A one per rev tower 
resonance, observed at the operating 
speed, was not predicted by the SAP IV 
analysis as all modes which involve 
tower motion crossed the one per rev 
excitation line well away from the operat- 
ing speed. In an attempt to understand 
this apparent anomaly, closed form solu- 
tions of the whirling shaft problem were 
examined, whereupon the necessity of 


*Th1s work supported by the U.S. Depart- 
ment of Energy under Contract No. OE- 
AC04-76DP00789. 
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Including all of the rotating coordinate 
system effects was immediately realized. 

To include these effects, a simple, seven- 
degree-af-freedom, spring-mass model of a 
two-bladed VAWT, which is displayed in Fig. 
2, was developed. In this model, the 
tower is represented by two rigid links 
joined together with a "U" joint. Tor- 
sional springs are mounted across the 
joint to account for the tower bending 
stiffness. The blades, which are also 
assumed to be rigid, are attached at the 
top and bottom of the tower through ball 
joints with torsional springs representing 
the blade lead-lag stiffness. Linear 
springs, which model the cable stiffness, 
are attached at the top of the tower, 
tending to restore it to its upright posi- 
tion. Torsional springs represent the 
drive train stiffness and blade aerodyna- 
mic loads are determined using a single 
streamtube aerodynamic model. The equa- 
tions for the model are developed in a 
frame which rotates with the turbine, tak- 
ing into account all low order rotating 
coordinate system effects. Solutions are 
obtained using time marching techniques 
developed for initial value problems. 

This analysis package, which goes by the 
name VAWTDYN, is covered in detail in a 
Sandia National Laboratories report.* 

The dynamic behavior predicted by VAWTDYN 
differed markedly from that of the SAP IV 
model. This is shown in Fig. 3, where a 
VAWTDYN analysis of the DOE/Alcoa 17 
meter is summarized. The natural frequen- 
cies of the turbine, which previously 
only increased with increasing rpm due to 
centrifugal stiffening, now varied in 
either direction reminiscent of the whirl- 
ing shaft behavior. In addition to this, 
mode shapes which had been independent 
of each other became coupled. For exam- 
ple, modes which contained motion either 
in the plane of the blades or out of it, 
as predicted by SAP IV, now possessed both 
types of motion. 

For verification purposes, VAWTDYN results 
were compared to the limited amount of 
experimental data available. VAWTDYN 
accurately predicted the tower resonance 
of the ALVAWT 6342 and, in fact, was rela- 
tively successful in all these verifica- 
tion tests. As a result^ even though it 
is a relatively crude model, capable of 
representing only 3 or 4 rotor modes, 
a fair amount of confidence was developed 
in the VAWTDYN package. 

However, after the erection of the DOE/ 
Alcoa low-cost 17 meter turbine, a signi- 

*DT1T Loti tz and W. N. Sullivan, 

"VAWTDYN - A Numerical Package for the 
Dynamic Analysis of Vertical Axis Wind 
Turbines,” SAND80-0085, July 1980. 


ficant three per rev blade resonance 
was observed which VAWTDYN did not pre- 
dict. And, in fact, no reasonable amount 
of variation in the parameters of the 
VAWTDYN model would produce the reso- 
nance or the associated mode of vibra- 
tion. Speculating that the difficulty 
was associated with the crudeness of the 
model, a much more refined model, 
described in the next section was developed. 

CURRENT METHODS 

The model which is now used at Sandia 
for dynamic analysis of VAWTs is de- 
rived using finite element techniques. A 
coordinate system is employed, fixed in 
space at the base of the tower, which 
rotates at a constant angular velocity. 
Turbine motions within this system are 
assumed to be small. Manifestations of 
this rotating system appear primarily 
in the inertia terms of the equations of 
motion. 

Due to the structural nature of VAWTs, 
the finite element equations need only 
be developed for beam elements and con- 
centrated masses. In the case of the 
beam elements, for developing the inertia 
matrices, the displacements and veloci- 
ties are assumed to vary linearly along 
the length of the element. Using the 
following equation for the total velocity 
at a point, 

X,t = ^ 

where , 

Is the total velocity vector, 
and p are the original posi- 
tion, the displacement, 
and the velocity vectors, 
respectively, as observed 
In the rotating coordi- 
nate system, and 

Q is the angular velocity vector of 
that system, 

an expression for the kinetic energy of 
an elemental mass at that point can be 
developed. After substituting for 
and j^, their linear functional forms and 
integrating the kinetic energy along the 
length of the element, the total kinetic 
energy is obtained. The appropriate 
finite element matrices can now be de- 
veloped using Hamilton's Principle. For 
the special case of Q constant and direc- 
ted along the "z" axrs of the rotating 
system, i .e. , 



the various inertia matrices and their 
corresponding vector multipliers, for an 
arbitrary element, are given below: 
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tively, the resulting finite element equa- 
tions are given by 

MU + cO - su + ''a- 

The load vectors, Fc and respectively, 
represent the centrifugal force loading, 
which results froin the element contribu- 
tions detailed in Eq. (6), and blade 
loads caused by aerodynamic forces. 

The matrix, K, is the usual assembled 
stiffness matrix for the beam elements, 
and consequently contains terms associa- 
ted with rotations in addition to dis- 
placements, as Indicated. In general, 
due to the stretching of the neutral axis, 

K is a function of the displacement. 

This introduces a nonlinearity in Eq. (7) 
which results in solution procedures of 
much greater complexity. To avoid this 
additional complexity, the stiffness 
matrix is developed commensurate with the 
quasi-static displacement field associa- 
ted with the time- independent centrifugal 
loading only, neglecting variations which 
result from the time-dependent aerodyna- 
mic loads. With this approximation, K is 
constant, which eliminates the nonlinear- 
ity, and the equations represent small 
vibrations about a centri fugal 1 y pre- 
stressed state. 

A critical factor in the development of 
this method is that at no time was it 
required to make vector transf ormati ons 
between stationary (groundbased ) 
and rotating coordinate systems. 

For most VAWTs, the'physical connections 
of the rotor to the ground occur through 
the tiedown cables and the tower base 
connection. Since the base of the tower 
is stationary, zero displacements exist 
in both systems; Furthermore, if there 
are three or more equally spaced tiedown 
cables with mass small relative to the 
rotor, identical in length, cross-sectional 
area, pretension, and angle of inclina- 
tion, the restoring forces depend only 
on the displacement of the top of the 
tower from the vertical. These forces 
are directed toward the undisturbed 
vertical position of the rotor. Conse- 
quently, the tiedowns can be represented 
by massless linear springs which, rotate 
with the turbine and are connected be- 
tween its top and the vertical. To date, 
all turbines analyzed by this method have 
possessed this type of tiedown system. 


The subscripts x, y, and z refer to the 
vector components along the rotating 
coordinate system axes and the “I's" and 
"2's" denote the value at either the first 
or second node point of the element. The 
quantity, p, is the mass/unit length and 
i is the length of the element. 

Assembl ing the contri butions from all the 
elements in the discretized model and 
denotinq the total mass, Coriolis, and 
softening matrices by H, C, and S, respec- 


In certain rotor designs, the restoring 
forces may also depend on the azimuthal 
angle of the turbine relative to ground 
(as in the case of unequally spaced 
cables, for example). In these situa- 
tions, appropriate transformation must 
be implemented and time dependent coef- 
ficients appear in the stiffness matrix. 
Although the equations retain their 
linearity, the existence of these coef- 
ficients would require the current solu- 
tion procedure to be extensively modified. 


ISl 



To obtain the modes and frequencies of the 
turbine as observed in the rotating sys- 
tem, a complex eigenvalue extraction pro- 
cedure must be employed.. For this purpose, 
Eq. (7) is reduced to the following form: 

MU + CU - SU + = 0, (8) 

with K corresponding to the pre-stressed 
state resulting from centrifugal loading, 
as discussed above. In the general case 
the damping matrix, C, produces complex 
eigenvalues and eigenvectors. However, 
in this case, where the C matrix repre- 
sents Coriolis effects only and is conse- 
quently skew-symmetric, just the eigen- 
vectors are complex. 

Instead of developing a completely inde- 
pendent package for the eigensolution of 
Eq. (8), an existing code was modified. 

With this approach, duplication of such 
things as input, output, plotting, solution 
procedures, etc., is avoided. The MacNeal- 
Schwendler version of NASTRAN was selec- 
ted here because the modification required 
was minimal and could be accomplished via 
DMAP programming, a feature which allows 
the NASTRAN user to modify the code with- 
out actually dealing with the FORTRAN cod- 
ing. This version contains complex eigen- 
system solution procedures and also per- 
mits the stiffness, mass, and damping 
matrices to be modified through an input 
option. Thus, the special matrices re- 
quired in Eq. (8), specifically the 
Coriolis (C) and softening (S) matrices, 
can be generated externally and read into 
NASTRAN as input. As the NASTRAN code 
handles non-symmetri c as well as symme- 
tric matrices, no special problems occur 
due to the skew-symmetry of the coriolis 
matrix. The mass (M) and stiffness (K) 
matrices are generated internally, complete 
with the effects of pre-stress in the 
stiffness matrix. 

Although this method has been successfully 
tested with all available experimental 
data, the three per rev blade resonance 
which was observed in the DOE/Alcoa low- 
cost 17 meter turbine is of special sig- 
nificance, since it was not predicted by 
VAWTDYN. The fan plot shown in Fig. 4, 
which corresponds to the low-cost tur- 
bine, was developed using the current 
method. Note that the three per rev 
excitation line crosses the natural fre- 
quency line associated with the first in- 
plane mode very close to the 51.3 rpm 
operating speed, indicating the observed 
resonance. Moreover, at the operating 
speed, in addition to containing the ob- 
served three per rev blade edgewise mo- 
tion, the first in-plane mode also con- 
tains the unusual tower motion which was 
measured. In this mode, even though the 
blade motion is predominantly out of the 
plane of the blades, reminiscent of flapp- 
ing butterfly wings, the tower moves pre- 
dominantly in the plane. This result. 


which tends to defy intuition, is a re- 
sult of the rotating coordinate system 
effects , 

The other tests, which have been used to 
verify the method, have involved experi- 
mental data taken from the Alcoa ALVAWT 
6342 turbine and Sandials 17 meter re- 
search machine. The method has also been 
tested against existing closed form solu- 
tions such as that for the whirling 
shaft problem. Although verification 
will continue as new tests become avail- 
able, to date, no failures have been 
experienced . 

The primary strength of this method is 
that a general class of VAWTs can be 
analyzed with it relatively easily and 
in much detail using the various NASTRAN 
modeling features. Additional blades, 
struts, concentrated masses, etc. can be 
analyzed simply through the preparation 
of the appropriate NASTRAN input. 

FUTURE ACTIVITIES 

Two major activities are planned for 
extension of the finite element package 
described in the previous section. In 
order to predict vibratory stress levels 
during turbine operation, a capability 
for the analysis of forced vibration 
will be developed. Time marching as 
well as modal superposition methods will 
be pursued. Using this capability, an 
effort will be made to establish a 
general categorization procedure with 
regard to severity for the various cross- 
ings of the frequency and excitation 
lines on the fan plot. 

The other activity involves the inclu- 
sion of aeroelastic effects in the finite 
element equations. To implement these 
effects, modifications will be made to 
the mass, damping, and stiffness matrices 
to incorporate the corresponding aero- 
dynamic matrices. The aeroelastic ef- 
fects will be used both in forced vibra- 
tion and flutter instability analyses. 

In addition to these extensions, a major 
experiment is planned to provide a rela- 
tively comprehensive test of accuracy of 
this method in predicting turbine modes 
and frequencies in the rotating system. 

The test will consist of measuring these 
spectral data for the Sandia 17 meter 
research turbine while rotating. By 
conducting tests at several rotational 
speeds, a fan plot such as the one shown 
In Fig. 4 can be experimentally developed 
for comparison with predictions. 

CONCLUSIONS 

The sophistication of dynamic analysis 
methods for VAWTs has undergone steady 
improvement at Sandia. The current 
method provides a means to straightfor- 
wardly predict the spectral characteri sties 
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of rotating turbines which have a signifi- 
cant degree of structural complexity. 
Verification tests have shown the accur- 
acy of the method to be quite satisfac- 
tory, After completion of the planned 
activities identified in the previous sec- 
tion, a strong capability for dynamic 
assessment of VAWTs should be available. 
This should be achieved within the current 
calendar year and will significantly im- 
prove the capability to structurally de- 
sign advanced VAWT systems. 
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FIGURE 3: VAWTDYN Predictions of Resonant Frequencies for the 

DOE/AIcoa 17-m Rotor 
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FIGURE 4; NASTRAN Resonant Frequency Predictions for the 

DOE/Alcoa 17-m Rotor, Including Rotating Coordinate 
System Effects 
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QUESTIONS AND ANSWERS 
D.W, Lobitz 


From: S»A. Shipley 

Q: Is the Nastran modification applicable to EAWTS with N blades (including N = 2)? 

As This modification is appliaable to HAWT^s of any number of blades under certain 

restrictions , These restrictions involve neglecting the inertia of the tower and 
modeling its stiffness by linear and rotational springs in the rotating system. 
These springs must be independent of the azimuthal position of that system. Of 
course^ as with the YAWT^s^ the angular velocity of the rotating frame must he 
constant and motions within it^ assumed small. For three or more bladed systems 
the multihlade coordinate transformation might yield an alternate NASTRAF approach. 
However j some method for affecting the equation manipulations would have to be 
developed. This approach would not be as restricted as the present one is. 

From: A. Wright 

Qi How were centrifugal stiffening effects included in SAP-IV? 

A: Centrifugal stiffening effects are included in BAF-IY by internal modification of 

the stiffness matrix. These modifications are der'.eloped on the basis of a linear 
solution at 1 rpm. The alterations for other rpms is obtained by multiplication 
of the 1 rpm modification by the square of the desired rpm. Tests which involve 
a number of nonlinear iterations have shown this simple method to be quite 
accurate , 


From: G, Beaulieu 

Q: How do you simulate the effects of the guy wires on the rotor into your NASTRAN 

model? Constant stiffness? 

A; The guy wires are modeled by a linear spring of constant stiffness which rotates 
with the turbine and tends to restore the turbine to its vertical position. As 
most of the cable systems we have dealt with are highly tensional^ the sag contri^ 
button to the stiffness is minimal and the constant stiffness assumption is reason- 
ably accurate . If the inertia of the guy wires was considered important and/or 
the spring constant was a function of the azimuthal position of the turbine ^ this 
HASTRAH solution procedure would be invalidated due to the introduction of non- 
constant coefficients , Fortunately ^ this has not been the case in the VAWT^s en- 
countered so far. 

From: Bill Wentz 

Q: Please describe the "butterfly” mode. 

A: In a two-bladed VAWT system ^[butterfly” modes are characterized by. lead-lag blade 

motions wherein the blades move simultaneously and equally in the same linear 
direction. The label ^^butterfly" is appropriate because when the turbine is viewed 
from the top^ the motion is reminiscent of flapping butterfly wings. Three or 
more bladed systems also possess "butterfly modes but of considerably greater 
complexity , 

From: W.C. Walton 

Comment: Congratulations on the introduction of rotating effects in NASTRAN. We have 

also successfully used NASTRAN this way, though in a less complete and syste- 
matic way. 
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FLUTTER OF DARRIEUS WIND TURBINE BLADES: CORRELATION OF THEORY AND EXPERIMENT 

Norman D. Ham 


Department of Aeronautics and Astronautics 
Massachusetts Institute of Technology 
Cambridge, Mass. 02139 


Acquisition of frequency data for the Alcoa 17-M 
LC and 1238229 wind turbines has permitted some 
limited correlation of the flutter analysis of 
Ref. 1 with experimental data for flutter of 
Darrieus blades from Ref. 2. 

The natural frequencies of the non-rotating 
critical blade bending modes can be written as 


^20 "" ^2 ^ — W 
mR 


— — r* 1 

^20 "" ^2 ^ — 4 
mR 

where A^ are frequency parameters, and 

EIp = blade flatwise bending st1ff- 
^ ness, Ib-ftf 

2 

GJ = blade torsion stiffness, lb- ft. 

m = blade running mass, slugs/ft. 

R = radius of circular arc portion 
of blade 

Also, the effect of turbine rotational speed Q is 
given by 

2 _ 2 ^ 

(^2 “ ^20 ^ 2 ^ 


-2 _ -2 ^ n o2 


The bracing struts of Type 1238229 appear to 
have a significant effect on the flatwise bending 
parameters A« and K^. It is suspected that 
significant mode shape variations may also be 
related to the clamping effect of the struts. 

Experimental flutter data for wind tunnel models 
of Darrieus wind turbines of h/D = 1 .5 are shown 
in Fig. 1 taken from Ref. 2. The correlating 
parameters are the reduced flutter speed 



where U_ = blade tangential velocity at 
flutter ^ ^^pR^ 

Z = blade length 

t = blade section maximum thickness 

Pg = blade material density 

G = blade material torsion modulus 


and the density ratio 


where Ag = blade material cross-section area 

p = air density 

c = blade chord 


where K 2 , K 2 Southwell coefficients. 

Data provided by Alcoa has made possible the 
following tabulation for turbines of h/D = 1.5: 

TABLE I 


These parameters were calculated for the 17- 
Meter LC and 1238229 wind turbines using their 
theoretical flutter speeds Qc of 108 rpm and 
57 rpm respectively as calculated by the method 
of Ref. 1. The results are plotted in Fig. 1. 
The theory is seen to give a conservative 
prediction of flutter speed. 


TYPE A 2 A 2 K 2 K 2 

17-Meter LC 5.72 23.7 2.74 4.57 

1238229 10.0 23.5 4.32 3.99 

Proceedings of the Second DOE/NASA Wind Turbine 
Dynamics Workshop, Cleveland, February 1981. 


An attempt was made to predict the experimental 
flutter speed directly for the particular case 
of the aluminum blade of 0012 section of Fig. 1, 
using blade frequencies estimated by means of the 
parameters tabulated in TABLE I for the 17-Meter 
LC turbine, and the flutter parameter values 
- 0.75 for that strutless 
theoretical prediction is 
seen to be conservative. 


C 2 = -6.5 and mg/^nA 
turbine. Again, ^the 
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Fig.l* Variation of blade flutter parameter with density 
ratio for turbine with h/d = 1. 5, 
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ABSTRACT 

An investigation to explore the possibility of whirl flutter and to find the effect of pitch-flap 
coupling (63) on teetering TOtion of the DOE/NASA Mod-2 wind turtiine is presented. The equations of 
motion are derived for an idealized five-degree-of- freedom mathematical model of a horizontal-axis 
wind turbine with a two-bladed teetering rotor. The model accounts for the out-of-plane bending 
motion of each blade, the teetering motion of the rotor, and both the pitching and yawing motions of 
the rotor support. Results show that the Mod-2 design is free from whirl flutter. Selected results 
are presented indicating the effect of variations in rotor support damping, rotor support stiffness, 
and 63 on pitching, yawing, teetering, and blade bending motions. 


INTRODUCTION 

Recent horizontal-axis wind turbine (HAWT) 
designs such as the DOE/NASA Mod-2 wind turbine 
(ref. 1) include flexible towers in order to 
achieve significant weight and cost reductions. 
Experience with prop-rotors has shown that rotors 
with flexible supports have a potential 
aeroelastic instability known as whirl flutter. 
This form of instability involves the interaction 
of elastic, danping, gyroscopic, and aerodynamic 
forces. The whirl flutter problem is discussed 
in references 2-7 among others. In whirl 
instability, the rotor will process in a whirl 
mode with an ever-increasing amplitude when the 
critical wind speed has been reached. That is, a 
point on the rotor hub will trace a divergent 
spiral as illustrated in Figure 1. The direction 
of the spiral rotation can be either the same as, 
or counter to, the rotor rotation. These two 
modes are referred to as forward and backward 
whirl modes, respectively. Continued operation 
of a wind turbine in the whirl flutter 


raoti'on 



Figure 1. - Wind Turbine Rotor in a Forward Whirl 
Ntode. 


mode will quickly lead to failure of the 
supportive structure. This whirl instability is 
possible regardless of the presence of rotor 
teetering motions or blade out-of-plane bending 
motions. When these motions are included, they 
couple with the motions of the supportive 
structure. Then a whirl instability can occur in 
the whirl modes of the supportive structure 
and/or the rotor. 

Most of the current large HAWT systems have 
rotors with two blades. The analysis of wind 
turbines with two-bladed rotors differs 
significantly from that with axisymmetric 
rotors. The properties of a. two-bladed wind 
turbine change significantly as the blades rotate 
from a horizontal to a vertical position. As a 
result, bne equations of motion of a two-bladed 
wind turbine system contain significant periodic 
coefficients. 

In order to reduce blade bending loads, teetered 
rotors with pitch-flap coupling {63) have been 
used in some HAWT systems. The pitch-flap 
coupling mechanically changes the pitch of the 
blades as the rotor teeters and thus is 
a^uivalent to an aerodynamic spring that 
restrains teetering motion. The effect of 63 
on rotor motion stability was studied in refs. 6 
and 8. A whirl flutter analysis for a prop-rotor 
on a flexibly mounted pylon was developed in ref. 
6. That analysis may also be suitable for 
investigation of ^irl flutter in HAWT systems. 
However, since most HAWT systems use rotor blades 
that are long and relatively flexible, the blade 
flexibility ought to be included in the 
formulation of a HAWT whirl flutter analysis. 

Other analyses are available for the 
investigation of whirl flutter in HAWT systems. 
One is the NK3STAS computer code (refs. 9 and 
10). However, it is very complex and uses a 
large amount of computer time. Hence, it is not 
well suited to parametric investigations. 
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Therefore, a simple model, encompassing only the 
pertinent degrees of freedom, is desired to study 
the possibility of whirl flutter in a flexibly 
mounted HAWT. 

The primary purpose of this paper is to present 
the development of a simple model for exploring 
the possibility of whirl flutter in the DOE/NASA 
Mod-2 HAWT. SeGondary purposes are to study the 
effects of pitch-flap coupling, rotor support 
stiffness, and rotor support damping on the 
response of the Mod-2. 

A five-degree-of-freedom mathematical model is 
developed in.the Appendix for a flexibly-mounted 
two-bladed teetering rotor. The degrees of 
freedom include the first out-of -plane bending 
mode for each blade, the rotor teetering motion, 
the rotor support pitching motion, and the rotor 
support yawing motion. The developed equations 
that have periodic coefficients are numerically 
integrated in the time domain using a standard 
Runge-Kutta method. 

ANALYSIS METHOD 
Mathematical Model 

The mathematical model of a HAWT with two-bladed 
teetering rotor is shown in Figure 2. The rotor 
support is modeled by a rigid pylon of length h 
that is restrained at one end by. two sets of 
rotational springs and dampers. These springs 
and dampers represent tower stiffnesses and 
dampings. The restraints allow only pitching and 
yawing motions, ^^id ^y, of the pylon. The 
teetering motion, Y, of the rotor hub with 
respect to the rotating shaft of the pylon is 
also restrained by a rotational spring and damper 
set. The angular velocity, of the rotor is 
assumed to be constant. The out-of-plane blade 
bending deflections are represented by wi and 
W 2 . These deflections are, in turn, expressed 
in terms of the normal bending modes and the 
generalized coordinates. Since the blades are 
relatively stiff, only one mode is considered. 
This type of representation of the blade motion 
is referred to as a Rayleigh- type of analysis. 

As a consequence of this approximation of the 
blade motion, there are three degrees of freedom 
for the rotor, one for each blade, and one for 

Y 



Figure 2. - Mathematical Model of a Two-Bladed 
Teetering HAWT. 


teetering. Thus, with the pitching and yawing 
motions of the pylon, the wind tuit>ine model has 
a total of five degrees of freedom. Only the 
out-of-piane bending motion of the blades is 
considered because it couples with the rotor 
teetering motion. Consideration of other motions 
such as tower translation, blade in-plane 
bending, and blade torsion are not difficult, but 
their inclusion would increase the complexity of 
the analysis. Furthermore, it is believed that 
these other motions do not have rrajch effect on 
whirl flutter. 

The aerodynamic forces are obtained from strip 
theory based on a quasi-steady approximation of 
two-dimensional, incompressible, thin airfoil 
theory. The blade geometric pitch angle, which 
consists of the blade built-in twist (pretwist), 
the pitch angle due to pitch-flap coupling, the 
collective pitch angle, and the cyclic pitch 
angle are included in the formulation. Classical 
blade element momentum theory is used to 
calculate the steady induced velocity. 

Coordinate Systems 

Several orthogonal coordinate systems are used in 
the derivation of the equations of motion. Those 
that are common to both the dynamic and 
aerodynamic aspects of the HAWT are described in 
this section. 

1. Inertial system XYZ — The Y-axis of this 
system, shown in Figure 2, coincides with the 
vertical axis of the HAWT tower and is positive 
upward. The Z-axis coincides with rotor axis and 
is positive into the wind, 

2. Hub system X 3 Y 3 Z 3 — This system is 
fixed to the hub center but does not rotate with 
Uie rotor. It is parallel to the XYZ system when 
the pod rotations are zero. 

3. Rotor system X 4 Y 4 Z 4 — This. axis 
system is obtained by rotating the hub system 
about the Z 3 axis by the rotor position angle ^ 
(=Ut) as shown in Figure 2. 

4. Blade system x^y^zp —This axis 
system is obtained by rotating tt»e rotor system 
about the X 4 -axis by the rotor teetering 
angle y- The yp axis is aligned along the 
blade quarter chord points and is also assumed to 
be the blade elastic axis. The xp and zp 

axes are also shown in Figure 3 along with the 
various blade element angles, relative 
velocities*, and resultant aerodynamic forces. 



Figure 3. - Blade Element Velocity and Force 
Vectors for a wind Turbine Rotor. 
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Computer Code 

The equations of motion developed in the Appendix 
have timewise periodic coefficients. The 
stability "of a HAWT must be determined by 
numerically integrating these equations or by 
using Floquet-Liapunov theory. To this end, a 
computer program called ASTER5 (Aeroelastic 
Stability of a TEetering Rotor with 5 degrees of 
Treedom) was written to nunerically integrate 
these equations. The ASTER5 program was first 
verified by several special cases obtained from 
ref. 6. The program was then used to investigate 
the possibility of whirl flutter in the DOE/NASA 
Mod-Z HAWT and the effect of variations in some 
of the Mod-2 parameters on its response. 

The ASTER5 computer program was written in 
FORTRAN IV. The input includes the radial 
distributions of blade chord, twist angle, n^s, 
and first out-of-plane bending mode; equivalent 
inertia, stiffness, and damping constants for the 
pylon; and aerodynamic data. The input allows 
part-span pitchable blades with pitch-flap 
coupling and cyclic pitch. The program uses a 
standard subroutine called DVERK, which solves a 
system of first-order differential equations with 
a Runge-Kutta method based on Verners fifth- and 
sixth-order pair of formulas. 

RESULTS AND DISCUSSION 


To verify the ability of the ASTERS program to 
correctly predict whirl flutter, several cases of 
a prop-rotor, which was analyzed in ref. 6, were 
evaluated. The parameters for the prop-rotor are 
presented in Table I. Results are presented for 
two typical cases. In one case, the prop-rotor 
response exhibits whirl flutter, while in the 
other case it is stable. The whirl flutter case 
in which the pitching and yawing frequencies are 
2.3 Hz and 5.0 Hz respectively, is shown in 
Figure 4. When the pitching frequency is raised 
to 3.3 Hz by increasing the pitch spring 
stiffness, the prop-rotor becomes stable, as 
shown in Figure 5. For comparison, the envelopes 
of the pitch motion amplitudes for the 
corresponding cases calculated in ref, 6 are also 
indicated in Figures 4 and 5. It is evident from 
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these figures that there is agreement between the 
results of ref, 6 and the ASTERS program. Thus, 
the ASTERS program is capable of predicting vTiirl 
flutter. The quantitative differences evident in 
these figures may be due to differences in 
airfoil data and/or initial conditions. It 
should also be noted that ref. 6 does not account 
for the blade out-of-plane bending motions as 
does ASTERS. However, the blade frequency is 
assumed to be high for the input to ASTERS, and 
thus has a negligible effect on stability. The 
steady state pitch deflection, evident in 
Figure 5, is due to the gravitational moment of 
the rotor, which is added to the pitching moment 
only for these verification cases. 



Figure 5. - Response of Prop-Rotor in 
Stable Mode, 


The DOE/NASA Mod-2 HAWT was modeled to 
investigate the possibility of whirl flutter. 

The parameters for Mod-2 are presented in Table 
II. The response of the Mod-2 was calculated 
with the ASTERS program. A baseline reference 
case of the Mod-2 parameters without structural 
damping was considered for an initial evaluation 
of its stability. The results of this case, 
given in Figure 6, show that the pitch, yaw. 
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Figure 6. - Response of Mod-2 Baseline Case 
without Structural Damping. 


203 



teeter, and blade cyclic bending motions are 
neutrally stable. However, when a small amount 
of structural damping for the pitch and yaw 
motions is included, all motions are damped out 
as shown in Figure 7. Since damping exceeding 
this amount is expected in the actual system, it 
is concluded that the baseline t^d-2 is free from 
whirl flutter. 
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Figure 7. - Response of Mod-2 Baseline Case with 
Structural Damping ( ^«l)x=^tl>y=.0l) . 


To study the effect of pitch -flap coupling on the 
response of the baseline Mod-2, several cases 
were calculated for values of % from -40° to 
+40°. The results indicate that only the blade 
cyclic bending motion as measured by Qq is 
affected by variations in %, Figure 8 shows 
the change in maximum amplitude of Qq with %. 

The results indicate that positive % has an 
adverse effect on blade cyclic bending motion. 



PITCH FLAP COUPLING. deg. 

Figure 8. - Effect of Pitch-Flap CoMpling, %, 
on Blade Cyclic Out-of-Plane 
Bending Motion. 


indicate viTiirl flutter by the unstable response 
of the yaw and teeter motions. When the pylon 
pitch stiffness is also reduced to 7.3% of its 
baseline value such that the pitch and yaw 
frequencies are equal (^4>x=^<(jy=3.665 Hz), 
then the response of the pitch nration is also 
unststole as shown in Figure 10. The vi^irl motion 
of the pylon for this ease is best illustrated by 
a cross-plot of the pitch and yaw motion in 
Figure 11. The figure ^ows that the system is 
in a forward whirl mode. From these results, it 
can be concluded that the stability of a HAWT is 
highly dependent on the rotor support stiffnesses. 


As demonstrated earlier, the stability of a HAWT 
is sensitive to the presence of structural 
damping. To further illustrate this fact, a 
nominal amount of damping (^4>x=^<^y=.04) was 
added to the unstable case of Figures 10 and 11, 
The results, shown in Figure 12, Indicate that a 
reasonable amount of structural damping has 
stabilized all motions of a previously unstable 
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Other parametric studies were made to explore the 
possibility of whirl flutter over wide ranges of 
pylon spring stiffnesses, pylon dampings, rotor 
rotational speeds, and wind speeds. Some 
selected results of these studies are presented 
in Figures 9-12. The possibility of whirl 
flutter can exist for Ntod-2 if the yaw or pitch 
stiffness of the pylon were substantially 
reduced. For example. Figure 9 shows the 
response of Mod-2 when the yaw stiffness is 
decreased to 6.6% of its baseline value while the 

other parameters remain the same. These results 
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Figure 10. - Response of Mod-2 with Reduced 
Pitch and Yaw Stiffness 
(“i(ix=“'i,y=3. 665 Hz). 


204 




Figure 11. - Hub Motion of (^d-2 with Reduced 
Pitch and Yaw Stiffness 
(^x=^V3.665 Hz) in Whirl 
Flutter Mode. 
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3. Positive 63 has an adverse effect on 
cyclic blade out-of-plane bending motions for the 
Mod-2 design, whereas negative 63 has little 
effect. 


4. Reduction in rotor support stiffness or 
structural danping increases the possibility of 
whirl flutter. 
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possibility of whirl flutter in the DOE/NASA 
Mod-2 wind turbine and the effect of parametric 
variations in pitch-flap coupling, rotor support 
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response. Based on these limited studies, Hie 
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1. The ASTER5 program is capable of 
predicting whirl flutter for two-bladed teetering 
rotor systems. 
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NOfrCNCLATmE 

c blade chord length 

Cp, Cw, damping coefficients of rotor 

C^^ C^ teetering, blade out-of- 

’ ^ plane bending, pylon pitch and yaw 

motions, respectively 


2. The baseline design of the Mod-2 HAWT is D 
free of v^tiirl flutter. 


profile drag per unit length of 
blade element 
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h 

H 

Hi, H 2 


Ib 

^Px’ ^Py 
Kb 

Kq, Kv/ 

K(|)x> 

L 

Mb, Mb2 




^W]L> ^W2 


r 


R 


pylon length 

X 4 , Y 4 , Z 4 

rotor coordinate system 

total rotor shear force. Eg. (A20) 

a 

blade angle of attack 

rotor shear force per unit length 

Y 

rotor teeter deflection angle 

of blade 1 and 2 , respectively 

63 

pitch-flap coupling angle Eg. 

mass moment of inertia of the blade 

^9 

critical damping ratios. 

defined in Eg. (A9) 

^0X' ?4>y 

Eg. (A13) 

mass moments of inertia of 

e, 0 t, 60 

®1C. ®1S 

blade pitch, twist, collective 
pitch, and cyclic pitch angles 

the pylon about the X and Y axes 

half of the teeter spring stiffness 

P 

air density 

effective blade spring stiffnesses 
defined in Eg. (All) 


aerodynamic inflow angle 

pylon spring stiffnesses 

^X> 4>y 

pylon rotational deflections 

circulatory lift per unit length of 


normalized blade mode shape 

blade element 


rotor position angle 

mass properties of the blade 
defined in Eg, (A9) 

U)b 

blade natural freguenc^ 


Wy, 

blade out-of-plane bending 

cyclic and symmetric coordinates 
for blade out-of-plane bending 


freguency 

motions defined in Eg. (A9) 

^^X 

pylon frequency ^ 

generalized coordinates 

for out-of-plane bending motions of 

U)(|>y 

pylon frequency ) 

blades 1 and 2 

n 

rotor rotational speed 

radial distance along blade elastic 
axis 

(•) 

time derivative 

radial length of blade 

{ } 

column matrix 

mass property of blade defined in 

[] 

sguare matrix 

Eg. (A9) 

TABLE I. PARAMETERS FOR PROP-ROTOR OF REF. 


t 


time 


T total rotor thrust force. Eg. (A20) 

also kinetic energy 

"^^l* ^2 rotor thrust force per unit length 

of blade 1 and 2 


U 


Up, Ut 

V 

V 


resultant aerodynamic velocity, 
also potential energy 

components of U, Figure 3 

induced velocity 

wind velocity 


W]^, W 2 out-of-plane bending deflections of 

blade 1 and 2 


Xb» Vb> blade coordinate system 

X, Y, Z inertial coordinate system 

K 3 > V 3 , Z 3 hub coordinate system 


Air velocity, V 
Rotor 

Radial length, R 
Rotational speed. 

Pitch-flap coupling, 63 
Teeter spring stiffness, 2Kb 
Teeter motion damping, 2 Cb 
Blade 

Mass properties 

Mb 

. Ib 

Stiffness j (Kq+K^) 

Danping, 

Airfoil 
Chord, G 

Twist distribution, 

0 < r/R 1.45 
45<r/R <1.0 
Collective pitch. 

Pylon Properties 

= Ir 


eo 


77.1 m/s 

3.505 m 
320 RPM 
20 ° 

0 

0 


26.09 kg 
16.96 kg-n)2 
42.17 kg-m2 

118.9 kg-m2 
.3821x10^ N-m/rad 

0 

NACA 0015 
.2794 m 

6 t(r) 

. 677-1. 217r/R rad 
.419(.75-r/R) rad 
.74 rad 


Px ~ -^Py 


Inertias, I, 
Stiffness, 

K^)x 

K^y 

Damping, ?(f)x zz^y 

Length, h 


21.60 kg-m2 

29.71x1q3 N-m/rad 
140.3x10^ N-m/rad 
.04 

1.143 m 
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TABLE II. PARAMETERS FOR DOE/NASA M(B^2 HAWT 

where 




Wind velocity, V 

12.2 m/s 


1 

0 

A 

Rotor 



i 

0 

Radial length, R 

45.81 m 

il 


cos (|>^ 

-sin 4 > 

Rotatinal speed, 

17.5 RPM 

0 

Pitch-flap coupling, 63 

0 


rt 

sin 

cos d> 

Teeter spring stiffness, 2<^ 

0 


0 

L. 


Teeter motion danping, 

Blade 

Mass properties 

Stiffness, (Kc+Kw) 

Damping, 

Airfoil 
Chord distribution, c(r) 

. 1542 ^ r/R ^ .3455 3.319-8.429( .3455^r/R) m 

.3455 <r/R ^1.0 1. 436+2. 877 (i-r/R) m 

Twist distribution, 

. 1542 < r/R < .27 .03459-. 155 (.27-r/R) rad 


2^21. kg 
.9125x10^ kg-m2 
3.368x10^ kg-m2 
78.82x10^ N-m/rad 
0 

NACA 23018 


.27 < r/R 51,0 
Collective pitdh, ^ 
. 1542 ^ r/R < . 7006 
,7006 ^ r/R ^1.0 

Pylon 

Inertia, 

Jpx 

ipv 

Stiffness, 

K,^x 

Damping, 

5<j)y 

Length, h 


-.0698 + .143(l-r/R) rad 


-.05236 rad 


6.115x106 N-m2 
.6210x106 N-m2 

6.183x10^ N-m/rad 
3.140x10^ N-m/rad 

0 

0 

7.3152 m 


&4>y] = 


^ A. 
COS 

0 

-sin 


sin (j>y 
0 

cos (|), 


(A 3 ) 




The position vector of a point on blade 1 can be 
written in the X3Y3Z3 axis system as 




[wi(r,ty 


(A4) 


where 




/cos Ip 
sin ^ 
V 0 


^sin ip 
cos ^ 
0 


0 

0 

ly 


APPEmiX 


(A5) 


Derivation of Equation of Motion 


The mathematical model of a horizontal axis wind 
turbine is shown in Figure 2. The degrees of 
freedom and the required coordinate systems are 
described in the main body of this paper. The 
equations of motion, herein, have been derived by 
using the Lagrangian approach. This formulation 
requires expressions for the position vectors of 
arbitrary points on the pylon and the blades. 

These expressions are obtained with the aid of a 
series of rotations. The order of the rotations, 
illustrated in Figure 2, is (px, 4>y, and Y. 

The position vector of a point on the pylon axis is 


r 

P 





(Al) 
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cos Y “Sin Y 


^0 sin Y cos Y J 


CqiTtoining Equations (A2) and (A4), the position 
vector of a point on the axis of blade 1 expressed 
in the XYZ axis system is 


Yd) 


[\}[\] 


o> 







(A6) 


where wi(r,t) is represented by a single 
elastic blade mode and is 


and that of the hub-pylon axis junction point is 


*'ph ~ 




(A2) 


Wj^(r,t) - $(r)q^^(t) (A7) 

The position vector of a point on the axis of 
blade 2 is obtained from Equations (A6) by 
replacing wi, Y, and ^ by W2, -Y, and 
respectively . 
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where 


The total kinetic energy of the pylon and the 
rotor is formed from the position vectors given by 
Equations (Al) and (A6) and is given by 
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The quantities ^px and Ipy are the pylon 
inertias about the X and Y axes, respectively. 

The potential energy of the pylon and the rotor 
can be written as 

« 4K^x + *^/y + V (ftio) 

+ 2(K^ + K^)(qs + 1c>] 


The dissipation potential for the pylon and the 
rotor can be written as 


Where 
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By substituting Equations (A8) , (AlO) , and (A12) 
into Lagrangian equations of the form 

an 


dt 


/BT \ dT JJl ^ ^ 

[dqj " 3q. ■*“ 8q^ 8q^ (A14) 


the following equations of motion for the wind 
turbine model are obtained 
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The next step is to obtain expressions for 
Qwi, Qw 2 , My , and The 

expressions are derived from the virtual work of 
the aerodynamic forces, which can be written as 





(F^ • 6r)dr 


(A17) 


w^ere Ff\ is the aerodynamic forc£ vector per 
unit length. The components of F/\ are 
illustrated in Figure 3 from which one can write 


FaI 


blade 1 



(A18) 


By using a similar expression for blade 2, 
substituting it with Equations (A6) and (A18) into 
Equation (A17), and neglecting several higher 
order terms believed to be unimportant, one obtains 



(A19) 
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v^ere, from Figure 3 and Equation (A6), the 
following expressions are detained 

B - yu|Tu| 
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In the derivation of above expressions for Up 
and Uj, several higher order terms, believed to 
be unimportant, are neglected. Also, circulatory 
lift, produced by the angular velocity of the 
local blade section about the y^j-axis due to 
blade out-of-plane bending and rotor teetering, is 
neglected in the expression of Equation (A21). 

The values of Cl and Cq are nonlinear 
functions of x and are calculated from airfoil 
data. 

By resolving L and D in Figure 3, the expressions 
for Ti and Hi are 

- -L COS 4* - D sin (p 

(A23) 

- -L sin 4) + D cos (p 

The expressions for T 2 and H 2 are the same but 
the values of L, 0, and are obtained by 
replacing y, 4^, and C3wi by -y, 4^+lT, and 
ciw 2 , respectively in the expressions of 
Equation (A22), 


The expressions for circulatory lift and profile 
drag per unit length can be written as 


The induced velocity v in Equation (A22) is based 
on classical momentum theory and is 
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QUESTIONS AND ANSWERS 


D*C« Janetzke 


From: A„ Wright 

Q: What type of failures would result from severe whirl flutter? 

A: Fatigue failure or ultimate limit load failure. 

From: Bill Wentz 

Q: How do you increase structural damping in design? 

A: I don * t Know , 

From: J.A. Kent fie Id 

Q: What magnitude of structural damping can be expected in the pylon of MOD-2 or 

similar machines? 

A: The damping applied to the pylon in the model represents the equivalent damping of 

the entire rotor support system which includes the pod and the tower. The Mod- 2 
welded tower damping is about 2% of oritieal damping. 

From; Mr. Doman 

Q: what influence has the absence of tower bending modes on results? 

A: The tower bending modes are represented by the pylon support stiffness , 

From: P. Anderson 

Q: What time step size was used in the integration process? Have any sensitivity tests 

been carried out to optimize step size? 

A: 1. An initial time stop equal to 36 steps per rotor revolution was arbitrarily 

chosen. The integration process could change the step size within the initial 
size as needed for eonvergence , 

2, Several other step sizes were used^ but no attempt was made to optimize the 
size. 
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ABSTRACT 

Using the latest hybrid electronics technology, a portable analyzer which simulates in real time the 
complex nonlinear dynamics of horizontal axis wind energy systems has been constructed. Math models for an 
aeroelastic rotor featuring nonlinear aerodynamic and inertial terms have been implemented with high speed 
digital controllers and analog calculation; this rotor model is then combined with other math models of 
elastic supports, control systems, a power train and glmballed rotor kinematics. The analyzer also 
features a stroboscopic display system graphically depicting distributed blade loads, nK5tion, and other 
aerodynamic functions on a cathode ray tube. The viewer sees a clear picture of rotor dynamics in the 
start-up, shut-down, and trim states, as well as operation in special transient conditions such as gust 
and emergency shutdown. Limited correlation efforts have shown good comparison between the results of this 
analyzer and other sophisticated digital simulations; the digital simulation results have been 
successfully correlated with test data* 


INTRODUCTION 

This paper describes the second generation 
Wind-Energy System Time-Domain (WEST) analyzer 
system developed by Paragon Pacific, Inc. under 
contract with the NASA-Lewis Research Center, 
Cleveland, Ohio. 

WEST2 GENERAL DESCRIPTION 

The WEST2 simulator is a complete coupled wind 
turbine dynamics analysis unit* The analyzer 
contains nonlinear dynamic math models for all 
components of a wind energy generator system, 
including the aeroelastic rotor, power train, 
tower, electrical machinery and control system 
elements. These models are executed in the time 
domain at speeds exceeding the capabilities of 
conventional digital computers by factors of 1000 
or more, using the Special Purpose Hybrid Computer 
(SPHYC) technology developed by Paragon Pacific, 
Inc. Because of the high speed analysis capability 
of the SPHYG technology, the WEST2 simulator is 
able to perform critical analyses in real time; 
analyses that are totally impractical using other 
available methods. 

The heart of the WEST2 simulator is the complex 
aeroelastic rotor analysis subsystem. Under 
contract with the U.S. Army Electronics Command 
(ECOM) Fort Monmouth, New Jersey, Paragon 
developed a Special Purpose Rotor craft Simulator 
(SPURS). The most fundamental subsystem of SPURS, 
the rotor analysis, is used (with nominal 
extension for wind turbine analysis) in WEST2. 

WEST2, Including the aeroelastic rotor math 
models, is a special purpose analyzer containing 
both digital and analog components. Conventional 
strip theory is incorporated in the rotor 
analysis, including all nonlinear inertial and 
aerodynamic loading phenomena. The aerodynamic and 
inertial loads are integrated along the blade span 
at extremely high speeds, using an analog 
aerodynamics math model for a blade of 
inf inites Irnal radius . 


The same loads package is switched from blade to 
blade by the digital controllers, and swept along 
the span of each blade to compute all loads which 
excite blade-mode and shaft motion. The high-speed 
capacity of the analog subsystems in WEST2 makes 
real time analysis practical. 

WEST2 features a stroboscopic display system which 
enables convenient viewit^ of distributed loads and 
blade deflections during analyzer operation. When 
the rotor blade enters a narrow azimuthal sector 
defined by the WEST2 operator using the front panel 
controls, the distributed functions are "painted** 
on an oscilloscope for all blades in the rotor, the 
specific function presented is selectable using a 
front panel switch. The list of display radial 
functions includes in-plane and out-of-plane 
aerodynamic loading, flapping motion, angle of 
attack, lift coefficient, and drag coefficients due 
to stall. 

In addition to the special-purpose portion of 
WEST2, a general purpose simulation unit (GPURS) is 
incorporated for modelling those components of the 
wind generator system which may vary from time to 
time, as the designs of wind energy devices evolve. 
Examples of such variable systems are the control 
and power management systems. 

Applications for WEST Systems 

Because of their unique power for fast nonlinear 
analysis, and because of their dedicated 

architecture, the WEST units are ideal for analysis 
where 

• Large amounts of data (i.e., time 
histories of loads and motions under 
varying conditions ) are required at low 
cost; 

• Nonlinearities such as blade stall and 
mechanical hysteresis are significant to 
the analysis results; 
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# Stochastic processes are involved (e»g»» 
predicting fatigue lives of critical 
components in a statistically varying 
environment) ; 

m Real-time operation is required (e«g«» 
operator training in failure modes) ; 

» High speed operation is required so the 
WEST can be used in conjunction with 
complex simulations of electrical power 
network dynamics; 

« A coupled simulation is performed 
involving many wind turbines operating 
in cqncert with one power network* 

In these and many other areas, the WEST concept is 
technically superior and much lower in cost than 
the alternative methods associated largely with 
general-purpose digital computer simulation. 

THE NEED FOR AND CAPABILITES OF A WEST2 ANALYZER 

A wind energy generator is a very complex dynamic 
system, representing an assemblage of individual 
elements, each with its own special dynamic 
characteristics. When the system is operating, the 
dynamics of all the components of the system 
couple together: all elements of the system move 
at the same time, and the overall symphony of 
these motions determines the performance, safety 
and longevity of the complete wind generator unit. 
The following coupled dynamic phenomena, for 
example , represent critical aspects of wind 
generator performance: 

® Dynamic loads in the various structural 
components of the system, which 
determine fatigue life, and therefore 
substantially impact on overall 

operational cycle costs; 

® Overall system stability - the property 
that prevents certain motions from 
growing without bound and leading to the 
ultimate destruction of machine 

components; 

® System control, wherein the rotor and 
power machinery are properly controlled 
for fruitful average yields of 
electrical power, with acceptable 
quality for use in existing utility 
networks. 

The wind generator is a tuned dynamic system that 
must be operated in all kinds of weather. . The 
system component loads, stability properties, and 
control quality and effectiveness will need to be 
evaluated not only in conditions with steady 
benign winds, but also in the random environments 
that characterize those periods when wind speeds 
and, hence, energy content are highest. 

The WEST2 analyzer simulates the complete 
nonlinear dynamic characteristics of a wind energy 
system at speeds which make realistic 
environmental analysis practical. Because it 
represents a complete nonlinear simulation of the 
wind generator system, the WEST unit is able to 
perform virtually any of the standard analyses 


currently used in wind turbine development. Such 
analyses address performance, blade loads, control 
system stability, response characteristics, etc. 
Because of its unique high-speed capabilities, 
however, WEST2 is also able to perform examinations 
of wind generator operations that are not generally 
considered practical for standard analyses. A few 
examples of such unique capabilities are: 

« Design Parametric Synthesis, wherein key 
design parameters in the wind generator 
system are input from front-panel or 
adjustable internal controls. Parameters 
such as blade chord, rotor tip speed, 
blade modal frequencies, power train 
critical stiffness, and control system 
gains are examples of such adjustable 
system properties. Time-history plots of 
dynamic blade and power train loads, 
vibrations, electrical signal purity, and 
control system response arc examples of 
outputs that are revealed instantly by 
the operating WEST analyzer. 

® Statistical Analyses, performed using 
internal random environment generators in 
the WEST2 unit. Wind speed and 
directional random properties are 
synthesized by filtering white noise. The 
key properties associated with the filter 
spectra, amplitude and bandwidth are 
adjusted from the front panel. 
Time-history responses are instantaneous 
outputs from the WEST simulator. 
Additionally, panel meters reveal general 
operating parameters such as shaft 
torque, power output, rotor speed, and 
rotor thrust. 

® Real Time Control System Synthesis can be 
performed using the WEST2 
analyzer/synthesizer system. Control laws 
synthesized using the WEST2 analysis 
could be switched over for direct control 
of research wind energy systems. This 
capability will enhance the safety of 
wind energy research programs, since 
control system stability and performance 
can be evaluated with a high-fidelity 
system math model before a set of control 
laws is used in a real system. 

® On-Site Confirmation of Analytic Models 
can be performed using the real-time 
capability of the WEST analyzer. The WEST 
system can be operated’ during wind 
turbine test activities for immediate 
comparison of test and analytic results. 
Indeed, instrumentation data (e.g., wind 
speed and direction vs time) taken at the 
site during test operations can be input 
directly to the WEST2 unit, and response 
comparisons then can be made. Adjustments 
to WEST2 math models can be made to 
achieve correlation with the results 
being recorded from the test. 


TECHNICAL DESCRIPTION OF THE WEST2 ANALYZER 

Figure 1 is an overall block diagram of a WEST2 
system. For convenience, in describing the complete 
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system, two separate sections have been defined; 
the nonrotor system (NRS) and the aeroelastic 
rotor system. Because of the relative / complexity 
of the rotor compared to other components of wind 
energy systems. Figure 2 has, been provided as a 
more detailed block diagram of the rotor 
component. 

The technical descriptions which follow address 
the math models incorporated in the NRS and rotor, 
the electronic methods used for solving the math 
models, and the hardware architecture of the WEST2 
units. Methods for programming the simulators for 
specific wind turbine units, and calibration, 
testing and maintaining the analyzers, are also 
described. 

The Nonrotor System (NRS) 

Part of the NRS occupies the top tray or drawer of 
the special purpose section of WEST2. Other NRS 
models are programmed on the general purpose 
simulation (GPURS) subsystem of WEST2. Components 
of the NRS are described below: 

Air Motion Models - The motion of the air in the 
vicinity of the rotor is affected by the wind 
direction and speed, windshear (wind speed change 
with altitude) , aerodynamic interference of wind 
flow from the tower (shadow effect) , and 
retardation of the wind by the rotor. Models for 
all of these phenomena are included in the NRS. 

The nominal windspeed and direction with respect 
to the rotor are defined from front panel 
controls. Panel controls can also be adjusted to 
produce step or ramp gust functions for the wind. 
Speed, direction, and swirl (rigid-body motion 
about a vertical axis) can be distributed in this 
manner. 

The variation of windspeed with altitude 
(windshear) is also adjustable from the panel - 
the variation is currently assumed to be a linear 
function of altitude. 

The tower shadow phenomenon is modelled as a step 
change in windspeed when the blade is in an 
azimuthal sector behind (or in front of) the 
tower. Both the strength and the sector size of 
the shadow model are adjustable from the front 
panel • 

Wind retardation by the rotor is modelled using 
the Glauert momentum model. Retardation, of 
cours e , is a f unct ion of rotor thrus t , air 
density, and net windspeed at the rotor disk. Air 
density is adjustable from the panel to 
conveniently model the influence of altitude. 

The WEST2 NRS tray also includes a random gust 
synthesizer. A pseudo-random white noise generator 
produces the basic random signal. Three low pass 
filters with adjustable gain and bandwidth filter 
this noise to model random changes in wind speed, 
direction, and swirl. 

Power Train - In WEST2, a single degree of freedom 
power train model is incorporated in the GPURS 
system. The generator model in the power train 
produces a torque on the system proportional to 
the rotor speed or to the phase angle of the power 


train with respect to an electrical network phase 
angle. The power demand is input on a GPURS panel 
potentiometer, simulating a field current control. 

Front panel galvanometers display the key power 
train variables: power ratio (ratio of produced 
power to wind turbine rated power), shaft torque 
and rotor speed. 

Flexible Supports - WEST2 contains a single 
degree-of-freedora shaft support, implemented on 
GPURS. The WEST 2 support allows the rotor hub to 
move laterally and to yaw as the tower and 
yaw-drive mechanism move under loads applied by the 
rotor. Tlie natural frequency, damping, mass and 
geometrical characteristics of the flexible support 
model are adjustable. The model can be expanded to 
Include additional degrees of freedom. 

Control System - The control systan determines the 
blade pitch angle. In WEST 2, a two-mode control 
system is implemented on GPURS. The mode is 
determined by a GPURS front panel switch. The 
startup /shutdown mode causes blade feathering to be 
commanded by a blade-angle control potentiometer on 
the NRS tray panel. At moderate rotor speeds, or 
above, the mode can be switched to speed command, 
in which the control system, by suitably pitching 
the blades, strives to maintain a speed commanded 
by a front panel control. If too much power is 
demanded at a given windspeed, however, the 
controller fails to maintain the commanded speed, 
the rotor slows, and usually stops. 

The nonrotor elements of the Wind Generator System 
use straightforward simulation techniques, and 
represent no particular deviation from usual 
procedures incorporated in hybrid analysis. The 
overall system arrangement enables '*stand -alone” 
simulation capability, or integrated capability 
where WEST2 becomes part of a larger simulation 
test facility. In the stand-alone mode, WEST2 can 
be used for basic research, controls development, 
response qualities assessment, blade loads 
analysis, etc. 

Aeroelastic Rotor Analysis 

The aeroelastic rotor model in the WEST2 simulator 
is characterized by the simplified block diagram of 
Figure 2. The digital section is essentially an 
executive monitor and sequencer which controls the 
computational sequences of the analog sections. The 
high frequency analog section contains the 
nonlinear math models associated with a blade 
element of infinitesimal radius. This same model is 
used for all blades in the rotor. The low frequency 
section contains the equations for the blade 
elastic degrees of freedom and various coordinate 
transformations of loads and motion signals between 
the fixed and rotating frames of reference. 

A full set of nonlinear equations comprises the 
math model for a blade infinitesimal radial 
element. Aerodynamic loads are calculated using an 
airfoil model valid over a full 360-degree angle of 
attack range; airfoil parameters in the model are 
fully adjustable to simulate use of different 
airfoil designs. Distributed inertial loads caused 
by gyroscopic effects, coriolis accelerations, 
etc. , are also represented by a comprehensive set 
of nonlinear blade-element equations. 
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The shaft accelerations and velocities with 
respect to the inertial frame and the shaft 
velocity with respect to the local wind are inputs 
to the rotor models. A series of Euler lan 
transformations is then used to solve for the 
airspeed, angle- of ^attack and inertial 
acceleration of the blade-element model, at a 
specified radial position. 

The blade-element model produces the loads, which 
are then resolved to shaft axes to define the 
infinitesimal shaft force and moment contributions 
made by the element. The elemental loads are also 
multiplied by the blade eigenfunction or modeshape 
and integrated along the span, to define the 
generalized forcing function which excites 
aeroelastic motion. 

The analog implementation of the aerodynamic and 
inertial models described above uses a "sweeping" 
process, whereby the radial position of the blade 
element is varied as a sawtooth function, and the 
distributed loading functions are integrated with 
respect to time to produce shaft and modal loads* 
(Hence, a substitution of variable is occur ing in 
the models, where very short time intervals take 
the place of radius in the radial integrations of 
distributed loads.) 

The digital sequencer first inputs the state 
variables and azimuth position of, for example, 
blade number i to the high frequency section, and 
then "sweeps" out the radius, using radial 
position as a sawtooth input function- As the 
sweep proceeds, integrands for the modal 
generalized forcing function and shaft loads are 
generated in the geometry section. These are 
simultaneously integrated by the radial integrator 
units. At the end of the sweep, the integrator 
outputs, which represent the generalized forcing 
functions and shaft loads for blade 1, are 
transferred to sample/hold units. (The outputs of 
these units are summed for all blades to get the 
total shaft loads. They are also applied as 
forcing functions to the blade motion equations. ) 
After the short duration required to set the 
sample /hold units, the digital section resets the 
radial integrators to zero, advances the 

multiplexors to treat blade number i + 1, and 
repeats the process. 

As the sweeping process occurs, programmable 
radial function generators produce variable blade 
properties such as chord, modeshape, twist, and 
mass distribution; these properties are input to 
the blade-element aerodynamic and inertial math 
models. 

Currently, the WEST2 simulator, uses a single 
degree-of- freedom modal representation for the 
rotor blade aeroelastic properties. The second- 
order equations in the blade mode generalized 
coordinates are implemented using standard analog 
techniques. These models respond to the 

generalized forcing function variables produced 
during the sweep integration. The resulting blade 
motion is then multiplexed back into the blade 
element models to include the influence of 
aeroelastic blade motions on the distributed 
aerodynamic and inertial loads. 


Electronic System Architecture 

Paragon Pacific, Inc. has developed an extensive 
library of printed circuit cards called 

computational module cards. Each card has a number 
of groups of electronic devices, each group 
performing a specific mathematical function. For 
example, the multiplier card has ten multipliers, 
each performing an independent analog 
multiplication. Analog, digital and hybrid 

functions are contained in the library. Analog 
functions include summers, integrators, sample/hold 
units, etc. Digital devices include gates, 

one-shots, flip/flops. Random access Memory (RAM) 
units, etc. Hybrid cards contain analog-to-digital 
(A/D) converters, digital-to-analog (DAC) 
converters , etc . 

Two different techniques are used to combine these 
precision electonlc computational modules into a 
full system such as WEST; special-purpose and 
general-purpose architecture are described below. 

Special Purpose Systems 

In special-purpose programming, the module cards 
are plugged into a standard card cage. Each card 
cage, or drawer, can receive 120 math module cards. 
The cards plug into an assembly called a "pin 
plane" which is horizontally situated near the 
bottom of the drawer. The pin plane receives the 
card edge connectors on its top side, and connects 
each card circuit to a gold-plated vertical pin 
emerging from the bottom of the plane. 

Each pin plane contains 8,640 pins, whose positions 
are very precisely located within a matrix. The 
special purpose drawer is programmed to be a 
specific function, such as a WEST, by wiring these 
pins together, thereby connecting the math modules 
on the cards into the desired circuits. A process 
called "wire-wrapping" is used to do this. The 
small wires are stripped and wrapped very tightly 
on the pins to form the desired circuit. Up to 
8,640 wires are placed in one pin plane. 

The wire-wrapping is done by machine and is fully 
automated. Specialized computer programs are used 
to convert the sustem design information, produced 
originally in the form of diagrams, into a deck of 
punched data processing cards. The automatic 
wire-wrapping machine reads these cards and wires 
the entire tray without making an error. In 
essence, computers are now reproducing themselves. 

The special purpose trays are inserted into a 
cabinet, where connectors on the rear panels engage 
a "gallery" installed at the rear of the cabinet. 
The gallery contains wiring that connects the 
drawers together and supplies them with power. 

In WEST2, the top drawer is the NRS, the center 
tray is the rotor, and the bottom half-size drawer 
contains the power supply- The power supply drawer 
also contains the maintenance system called the 
Verification and Calibration Equipment (VACE), 
which is described later. 
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General Purpose System (GPURS) 

The GPURS system uses the same computational 
module cards as those used in the special purpose 
systems, ^except that they are inserted into the 
left front panel card cage* The card edge 
connectors are connected to the removable patch 
panel, where they can be conveniently wired into 
any system* 

GPURS is a very flexible system, since both its 
wiring and its architecture are variable* Wiring 
is changed at the patch panel, and architecture is 
varied by plugging in different computational 
module cards* 

GPURS accepts 17 module cards, and contains its 
own power supply and front-panel functions (pots, 
switches, interface trunks) • GPURS also has an 
internal card cage and rear panel trunking system 
for special interfacing functions. 

GPURS can be configured as a pure digital system, 
pure analog system, or any combination of both 
because of its flexible architecture and because 
of the availability of the large array of module 
cards * 

As mentioned previously, WEST2 incorporates a 
GPURS at this time. The WEST2 GPURS component 
currently includes models for the wind turbine 
flexible supports, power train and control 
systems, and a gimbal or teetering rotor support* 

MOSTAB-HFAWM, described in general terms in 
Reference 1, has been validated with test data 
taken from the NASA/DOE Mod 0 experimental wind 
turbine located at Plum Brook Station, near 
Sandusky, Ohio. Results of MOSTAB 
correlation-efforts are documented in Reference 2. 


Programability 

Special Purpose Hybrid Computers can be programmed 
in two ways by selection of optional subsystems: 

• Mechanical adjustment of trim 
potentiometers ; 

• Potentiometers and Random-Access Memory 
(RAM) units which are set automatically, 
by external user command. 

The mechanical potentiometers provide the least 
expensive and most compact programming means, and, 
hence, this approach was selected for the WEST2 
unit. When the user requires rapid programming 
capability, however, the digitally-controlled pot 
and RAM units can be installed, enabling fully 
automated programming from data stored on a floppy 
disk device. 

A Digital Support System (DSS), using Paragon's 
Modular Stability Derivative Program (MOSTAB) as a 
key component, calculates all required programming 
data using standard MOSTAB input data. The DSS is 
run on a digital batch processor, and performs 
most WEST2 calculations which do not change with 
time during wind turbine simulation (e.g., mass 
integrals, initialization co-efficients, etc.). If 
the fully-automated programming capability is 
incorporated in lieu of the trim pots, the DSS 


creates the data on the floppy disk, with no user 
intervention required. 

Self “Testing: The Automatic SPHYC Test 
and Calibration (ASTAC) System 

The ASTAC system has been procured with the WEST 
unit. ASTAG is a fully automated test system. A 
micro-based controller and interface unit open and 
close electronic switches within the WEST circuits 
by cotmnand from data contained on a ”f loppy disk” 
storage device. Test signals are substituted into 
the open circuits, and resulting subsystem 
performance is measured. The measured performance 
is compared to theoretical ly-correct performance 
indices also contained on the floppy disk. 
Incorrect operation is flagged by ASTAC and 
printed, giving the WEST2 maintenance technician 
complete informaton required to repair the fault 
and confirm normal operation. 

WEST2 Maintainance; Verification And 
Calibration Equipment (VACE) 

Unlike most printed circuit cards incorporated in 
computers, the computational module cards do not 
contain the actual algorithms associated with 
system operations. These are contained in the pin 
planes and on the GPURS patch panel. Consequently, 
all inputs and all outputs from each computational 
element on each card leave the card through the 
card edge connector. 

This unique characteristic permits the module cards 
to be externally maintainable, because each 
function can be externally tested for proper 
performance and calibration. 

The VACE unit performs the function of connecting 
the modules on the computational cards into 
specialty circuits, for purposes of rapid 
performance verification, fault detection, and 
calibration. 

The card to be tested is plugged into a card-edge 
connector on the VACE front panel. Two plug-in 
units, also Inserted into the front panel, program 
the VACE to deal with the specific module card 
under test* A series of procedures is then executed 
using VACE panel switches, and prescribed 
measurements are made using standard test 
instruments (for example, a digital voltmeter and 
oscilloscope) . The procedures for testing and 
calibrating each card are detailed in a 
comprehensive VACE manual. They are arranged so 
that personnel who have no electronics training can 
execute the tests, verify acceptable performance, 
identify specific components on the card that have 
failed, and fully calibrate each module on the 
card, if required. 

The VACE unit is also used, in calibration mode, to 
program the cards for a specific system; i.e., for 
a specific wind energy system design in WEST2. 

Validation of the WEST2 Analyzer 

The primary approach taken to validate WEST2, 
during this initial development effort, involved 
the extensive use of the ASTAC system, described in 
the previous section. This validation effort 
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essentially involved an electronic system 
verification, which proved that each WEST 
electronic subsystem does indeed execute the 
intended equations. ASTAC reads the program 
equations in FORTRAN form, executes these on a 
general purpose digital computer to produce the 
theoretically correct calculation, and then 
compares the WEST2 subsystem performance to the 
theoretically correct results. In this manner, 
each WEST2 subsystem is summarily checked. 

As a final verification, a dynamic chedc of WEST2 
performance was made by comparing blade-load time 
histories produced by WE ST 2 to those produced by 
the MOSTAB-HFAWM digital analysis. The very good 
comparison is presented as Figure 3. 

Additional Documentation 

More details of the WEST2 system is presented in 
Reference 3. References 4 and 5 contain the full 
description of all equations and programming 
techniques incorporated in the System. 

CONCLUSIONS 

The fundamental conclusions of the WEST simulator 
work to date is that the Special Purpose Hybrid 
technology can solve the complex nonlinear 
equations associated with wind energy systems in 
real time. Additionally, such implementations 
solve these equations with sufficient accuracy to 
compare well with proven alternative analysis 
methods . 

The WEST analyzer concept enables thorough 
examinations of wind energy systems, including 
statistical analysis in nonlinear operating 
regions and transient functions of special 
interest. Such studies are totally impractical 
using- the slower and more costly digital 
simulation methods. 
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FIGURE 3 . - COMPARISON OF BLADE MOTION AND LOAD TIME HISTORIES 

PRODUCED BY WEST AND MOSTAB-HFW; MOD 0 WIND TURBINE RESULTS 
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QUESTIONS AND ANSWERS 


J« A» Hoffman 


From I W.E, Holley 

Q; Suggest adding additional gust inputs to account for turbulence variations across 
rotor disc. 

As The gust model Is currently three-dimensional^ -providing for statistical variations 
in Speeds direction and ^^vertical swirl” (the air rota-ting as a rigid body about a 
vertical axis). The swirly of courses produces horizontal variations across the 
disk that would be associated with turbulent conditions , 

From; G. Rybak 

Q: What is the cost of the WEST system? 

A: Between $80K and $120K depending on options. 

From ; Anonymous 

Q: How do you model the wake geometry to determine inflow and angle of attack? 

A; A Glauert (momentum) model is used for wake retardation caused by rotor thrust. 

Deviations from Glauert are superimposed to account for windshear and shadow 
phenomena. 

From: G. Beaulieu 

Q: Do you have visual displays or what kind of output features do you use? 

A: Fanel galvanometers are incorporated for basic data such as delivered powers shaft 

loads and tip-path deflections , Rear panel ports produce signals for digital data 
acquisition or for presentation on standard strip-chart recorders , These output 
signals are analog lines. 
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EXPERIENCE ON THE USE OF MOSTAB-HFW COMPUTER CODE FOR HORIZONTAL-AXIS WIND TURBINES 


Yi-Yuan Yu 


Rockwell International 
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ABSTRACT 


Experience gained from the dynamic analysis of horizontal axis turbine rotors based on the use of 
the MOSTAB-HFW computer code is described. Three topics are covered, dealing with the frequencies of a 
rotating beam, the use of the fundamental mode of a uniform cantilever beam, and the analysis of reso- 
nance dwell. Immensely high peak loads were generated by the code for resonance dwell, indicating 
further need for including structural damping and for transient analysis capability. The effect of 
structural damping, newly incorporated in the code, is finally described. 


INTRODUCTION 

The M0STA8-HFW computer code was developed 
by Paragon Pacific under support from NASA Lewis 
Research Center for the dynamic analysis of 
horizontal -axis wind turbine rotors. Experience 
on the use of the code is described in this paper 
Three topics are covered. 


FREQUENCIES OF ROTATING BEAM 

The first topic deals with the frequencies 
of a rotating beam, which are needed as input to 
the MOSTAB-HFW code. Based on the numerical 
results of Yntema (Ref. 1), a simple expression 
has been derived relating the frequency of a 
rotating beam to that of the same beam without 
rotation. For wind turbine blades with commonly 
used dimensions, the expression is very conven- 
ient and accurate enough for preliminary design 
and analysis purposes. The derivation is pre- 
sented below. 

Yntema (Ref. 1) has given the frequency of 
a rotating beam by the equation 

= ‘"NRn^ + 

where curp and are frequencies of the 

beam with and without rotation, respectively, 

Kon and Kin are dimensionless coefficients, the 
subscript n denotes the mode, e is the ratio 
between the offset and the beam length, and Q. 
the rotation speed. This equation is quite gene- 
ral and applicable to nonuniform beams with a 
large variety of mass and stiffness distributions. 
For linear mass and stiffness distributions 
Yntema calculated Kon and Kin the first 
three modes of hinged and cantilever beams. The 
linear distributions vary from a beam with 
constant-mass and/or constant-stiffness to a 
beam whose mass and/or stiffness diminishes all 
the way down to zero at one end of the beam. 

Yntema ‘s results for Kqi and K^i for the 
fundamental modes of cantilever beams deserve 
special attention, because these modes play an 
important role in the dynamics of wind turbine 
blades and are needed in the MOSTAB-HFW code. 

Such results are given in his Figs. 15 and 16. 


It is noteworthy that, for the wide range of 
linear mass and stiffness distributions these 
coefficients lie within limited ranges: 

1.17<Kqj< 1.26, 1.57<Kj^<1.93 

Thus, Kqi already lies within a very narrow band. 
Although Kii does not, we note that the offset 
ratio e is seldom greater than 0.1 for wind 
turbines. Hence, by assuming a maximum value of 
e = 0.1, we have 

0.157 < < 0.193 

and, for e<0.1 

1.17<(Koj + <, 1.45 

This interesting result shows that (Xgi + Kjie) 
has only a limited variation for e<0.1. Within 
11 per cent accuracy we propose to take simply 

(Kqi + Kj^e) = 1.31 for e<0.1 

The fundamental frequency of a rotating 
cantilever beam is then given by 

° "nr/ * 

For some blades analyzed by the use of this 
equation, the accuracy oncupi has been found 
to be within 1 per cent. 

USE OF FUNDAMENTAL 
CANTILEVER MODE 

The next topic is associated with the natural 
modes of vibration of the blade which are also 
needed as input to the MOSTAB-HFW code. Although 
the code can accommodate coupled modes including 
flapwise and chordwise bending together with 
twisting of the blade, the use of the fundamental 
mode of a uniform cantilever beam for both flap- 
wise and chordwise bending has been found to be 
satisfactory for quick calculation of the dynamic 
loads. This is essentially to apply the classical 
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Rayleign procedure In structural dynamics 
to the computer computation • 

The use of the fundamental cancilever mode 
simplifies the execution of the MOSTAB-HFW code 
greatly: The mode is well known and can be 

entered as input once for all, regardless of 
the values of the associated bending frequencies. 
The advantage of this is obvious, particularly 
during preliminary design and analysis of the 
rotor blade, when many changes may be needed. 

The use of the fundamental cantilever mode 
in the code has been compared with the use of 
coupled modes in sample calculations. Differ- 
ences between the resulting blade peak and cyclic 
loads ranged from 8 per cent for the twisting 
moment to 23 per cent for the flapwise bending 
moment. These are considered satisfactory, 
since the loads generated by the MOSTAB-HFW 
code can deviate from the test data by as much 
as 25 per cent, as reported by Spera (Ref. 2). 


RESONANCE DWELL 

The third topic in this paper deals with 
resonance dwell. This is when the ratio between 
a natural frequency of the blade and the rotor 
speed is an integer. Such a situation is natur- 
ally to be avoided in the design for the normal 
operation of a wind turbine. However, it cannot 
be avoided during a transient operation such as 
start-up, shut-down, or emergency shut-down, when 
the rotor speed varies and passes through reso- 
nances with the blade. Resonance dwell represents 
the limiting case of constant rotor speed or zero 
rotor acceleration and can be handled by the 
MOSTAB-HFW code, although the code does not treat 
the general transient case with a non-zero 
acceleration. 

The importance of accommodating transient 
operations in the design of wind turbines cannot 
be overemphasized. Dynamic loads on the blades 
of the MGD-OA wind turbines were measured during 
actual transient operations and found to be four 
to five times the loads during normal operation 
(Ref. 3). High transient loads have also been 
reported by Dugundji (Ref. 4), who tested a small 
wind turbine model in a wind tunnel at MIT: 

It had been hoped that. In the dynamic 
analysis of a wind turbine, results of trim 
analysis during resonance dwell based on the use 
of the MOSTAB-HFW code would shed some light on 
what might happen when the rotor speed was 
varying and passing through a resonance. Unfor- 
tunately, the peak loads generated by the code 
for resonance dwell turned out to be too high 
to be realistic. For instance, in one case of 
resonance dwell the code generated a maximum 
flapwise bending moment in the blade 36 per cent 
higher than that for normal operating speed, a 
maximum chordwise bending moment more than 5 
times higher, and a maximum shaft torque more 
than 16 times higher. 

The very high loads for resonance dwell 
given by the MOSTAB-HFW code were due to lack 
of structural damping In the code. The results 
reflect the extreme sensitivity of the structural ly 


undamped dynamic system as treated by the original 
code. They point to the need for Including struc- 
tural damping and for transient analysis capabi- 
lity. 

EFFECT OF STRUCTURAL DAMPING 

In view of its apparent importance, struc- 
tural damping was recently incorporated in the 
MOSTAB-HFW code by Paragon Pacific, in addition 
to the already present aerodynamic damping. 

The same case of resonance dwell mentioned before 
was analyzed again by means of the code, only 
now with 2 per cent of critical damping added 
for both the flapwise and chordwise bending 
modes. The maximum flapwise and chordwise bend- 
ing moments in the blade and maximum shaft torque 
were found to be 69, 18, and 12 per cent, respec- 
tively, of their previous level for zero struc- 
tural damping. The load reduction was, therefore, 
drastic. 
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QUESTIONS AND ANSWERS 


Y,Y, Yu 


Prom: G. Beaulieu 

Q; Does your constant K values consider the reducing stiffness of the cantilever blade? 
If not, your resonant frequencies will be shifted. 

A: The values of and given hy Interna cover a large variety of linear stiffness 

(as well as mass) distributions . The final approximate frequency equation in the 
paper therefore applies to cantilever blades with such stiffness variations^ 

From: T. Currin 

Q: After rough approximations of input, is using a large code, i.e., MOSTAB, justified? 

A: The use of approximate frequencies and mode shapes as indicated in this paper saves 

time for preparing input during the early stage of design when a number of configure 
ations may be considered and many changes needed, Mhen the design is narrowed downy 
such approximations are replaced by more accurate values while many other inputs to 
the code remain the same. The use of the code at an early stage therefore does not 
add muoh to the analysis work. 

From: Jack Landgrebe 

Q: Does your sensitivity demonstration indicate that you can get any answer with dif- 

ferent dampings and what answers do you believe? 

A: Data on structural damping of wind turbine blades are lacking because little atten- 

tion has been paid to such damping. When it is better knoWHy the transient loads 
can be estimated more accurately , 

From: W.C. Walton 

Q: 1) Should results be compared with "normal operating loads" or with design loads? 

2) Please explain the term fixed axis. 

A: 1) The transient loads are compared with normal operating loads because both must 

be taken care of as far as structural strength is concernedy although their 

fatigue effects are different due to the different numbers of cycles during 
the life of the wind turbine, 

2) The MOSTAB-HFW code assumes a rotor with a fixed axis in space. In other 
words y the rotor is assumed to he uncoupled from the other components of 
the wind turbine system. In contrasty the MOST AS code considers the inter- 
action between the rotor and the other components , 

From: Anonymous 

Q: How was damping incorporated into MOSTAB and what is required for input data to 

take this into account? 

A: Modal damping was introduced for each mode in the form of a viscous damping term. 

Damping ratio (percentage of critical damping) is assigned to each mode as input. 

From: Jack Hoffman 

Q: Why did the flap loads go up with damping? 

A: The flapwise bending moment did not go up. With 2 percent damping y the moment 

was 69 percent of its value for zero damping. 
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COMPARISON CF UPWIND AND DOWNWIND ROTOR OPERATIONS CF DCH/NASA im-kW mO-O WIND TURBINE 


John C. Glasgow 
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ABSTRACT 

Tests have been conducted on a 38m diameter horizontal axis wind turbine, which had first a rotor 
downwind of the supporting truss tower and then upwind of the tower. Aside from the placement of the 
rotor and the direction of rotation of the drive train, the wind turbine was identical for both 
tests. Three aspects of the test results are compared: rotor blade bending loads, rotor teeter 

response, and nacelle yaw moments. As a result of the tests, it is shown that while mean flatwise 
bending moments were unaffected by the placement of the rotor, cyclic flatwise bending tended to 
increase with wind speed for the downwind rotor while remaining somewhat uniform with wind speed for 
the upwind rotor, reflecting the effects of increased flow disturbance for a downwind rotor. Rotor 
teeter response was not significantly affected by the rotor location relative to the tower, but 
appears to reflect reduced teeter stability near rated wind speed for both configurations. Teeter 
stability appears to return above rated wind speed, however. Nacelle yaw moments are higher for the 
upwind rotor but do .not indicate significant design problems for either configuration. 


INTRODUCTION 

The Mod-0 lOO-kW Experimental Wind Turbine located 
near Sandusky, Chio, has served as the major test 
facility for the U. S. Large Horizontal Axis Wind 
Energy Program since initial operation of the 
machine in 1975. The machine was designed, 
fabricated, and has been operated by the NASA Lewis 
Research Center as a part of the research and 
technology program under the direction of the U. S. 
Department of Energy. Many concepts in current use 
or planned for future use on wind turbines have 
been first evaluated on the Mod-0 machine. 

The subject of this report, a comparison of upwind 
and downwind rotor operating characteristics, is 
the result of tests to describe the loads and 
operating characteristics of the teetered 
tip-controlled rotor with the rotor in turn 
downwind and upwirej of the tower. Preliminary 
results of the downwind rotor configuration were 
presented previously in reference 1, but this 
report presents some new information for the 
downwind configuration and makes specific 
comparisons with the upwind rotor configuration. 

The wind turbine test configuration was the sam 
for both tests, only the direction of rotation was 
reversed when the rotor was put upwind of the 
tower; otherwise, the wind turbine and rotor were 
identical. Tests were conducted to determine loads 
and operating characteristics of each configuration 
and comparisons will be made of the followir^ 
items: blade bending loads, teeter nration, and 
nacelle yaw moments. 

TEST CONFIGURATim 

The upwind and downwind rotor tests were conducted 
on the Mod-0 100-kW Experimental Wind Turbine in 
the teetered, tip-controlled rotor configuration 
described previously (Refs. 1 and 2). Toward the 
end of the downwind rotor test program and 
througpiout the upwind rotor program a hydraulic 
rrator was used for the nacelle yaw drive, replacing 


the electric motor drive and double reduction worm 
gears used previously for orienting the nacelle in 
yaw. This greatly simplified the yaw drive and 
provided an effective method of measuring nacelle 
yaw torque. Otherwise, the nacelle and rotor were 
unchanged from earlier tests. A schematic of the 
Mod-0 nacelle with the teetered rotor and hydraulic 
yaw drive is shown in Fig. 1. The rotor is either 
downwind or upwind of the tower and the nacelle is 
tilted 8-1/2^ to provide tower clearance for the 
unconed rotor. Wind speed and nacelle yaw angle 
are measured on the anemometer/windvane mounted 
atop the nacelle as shown in Fig. 1. 

Drive train slip was 4.66% for the downwind rotor 
tests and only 2.32% for the upwind rotor tests, 
which resulted in a 33. D rpm rotor speed at 100 kW 
for the downwind tests and a 32.6 rpm rotor speed 
at 100 kW for the upwind rotor tests. 

Tower 

The wind turbine is mounted on the Mod-0 open- truss 
tower; however, an adjustable spring base has been 
added to provide capability for. simulating various 
tower flexibilities (Ref. 3). the tower first 
cantilever bending frequency for this test 
configuration was measured to be 1.6 to 1.7 Hz or 
2.9 to 3,1 times the rotor speed at 33 rpm. The 
flexible tower base adds Im to the rotor axis 
hei^t placing it 31.4m above the ground at the 
tower centerline. Fig. 3 shows the wind turbine on 
the tower and also presents parameter definitions 
and sign conventions pertinent to the upwind and 
downwind rotor configurations. 

Rotor 

The teetered, tip-controlled rotor is depicted in 
Fig. 3. The rotor is unconed, the blades have a 
23% root cutout, and the outer 30% of span is 
pitchable. The blade section is a NACA 23024 
airfoil from root to tip, and speed and power 
control is achieved by pitching the blade tip about 
its 25% chord point. The tip is capable of pitch 
angle changes from +10° to the full feather 
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Rotor Power 


position at -90°. The tip is driven by a 
hydraulic actuator and the rotor is stopped by 
feathering the blade tip at a rate of 2° per 
second. Rotor and blade diaracteristics are 
presented in Table I. 


Table 1 - Rotor Characteristics 


Rotor diameter, m (ft) . . 

.... 


37,95 

(124.5) 

Root cutout, % span . . , 

• . . • 


... 

. . 23 

Tip control, % span . . . 
Blade pitch, inb’d section , 

.... 


... 

. . 30 

1 deg, . 


... 

. Zero 

Airfoil (root to tip) . . 

. . . . 


. NACA 23024 

Taper .......... 

. . . • 



Linear 

Twist, deg 

.... 



. Zero 

Solidity . . . '. ..... 

. . . . 



. 0.033 

Precone, deg ....... 

.... 



. Zero 

Max. teeter motion, deg . 

.... 



. . +6 

Rotor speed m ICO kW, rpm 

.... 


33 (approx.) 

Drive train slip @ 100 kW, 

percent 




Upwind Rotor . , . . , 

.... 


• . . 

. 4.66 

Downwind Rotor . . . . 

.... 


... 

. 2.32 

Blade mass, kg (lb) . . . 

.... 


1815 

(4000) 

Blade Lock number .... 

.... 


... 

. 6.56 

Blade first cantilever bending 




frequency 





Flapwise - Hz .... . 

.... 

. 

• • • 

. 1.76 

Edgewise - Hz 

. . - . 

. 

. . . 

. 1.90 


The teetered hub is depicted in Fig. 3; it was 
designed to mate with the Mod-0 low speed shaft at 
the original hub-shaft interface. The teetered 
hub provides capability for approximately ±£P 
of teeter motion with initial contact with the 
stop occurring at approximately ±5,8°. The 
stops were designed to be easily replaceable 
should they become damaged or worn during the test 
program; this feature has been used several times 
to date. 


The upwind and downwind rotor tests did not 
provide adequate data for a comparison of the 
rotor performance for upwind and downwind rotors 
as would be indicated by power output as a 
function of wind speed. The variation in rotor 
power between an upwind and a downwind rotor wind 
turbine has been predicted to be less than 5%, and 
the anemometer used in the Mod-0 upwind and 
downwind rotor tests was not accurate enough to 
distinguish differences this small; therefore, a 
comparison is not presented. Rotor performance as 
a function of the wind speed ireasured on the 
nacelle was obtained, and indicated a rated wind 
speed (i.e., wind speed at which 100 kw of 
alternator power is produced) of 9.4 m/s for the 
upwind rotor and 7.3 m/s for the downwind rotor. 
The rated wind speed values are not corrected for 
local Interference effects and differences in slip 
in the drive train; therefore the actual values 
are unimportant as a basis of comparison of the 
two configurations. However, the rated wind 
speeds are important in understanding the data 
presented in the following sections comparing the 
configurations. These data are shown as a 
function of nacelle wind speed and different 
b^avior is noted as the control system becomes 
active to regulate power. This makes rated wind 
speed an important point. Unfortunately, a 
comparison of rotor performance must wait for a 
more accurate wind measuring system. 

A new array of wind instrumentation has recently 
been installed at the Mod-0 wind turbine site and 
rotor performance tests are planned for early 
spring 1981. Once operational, this system will 
make it possible to accurately define rotor 
performance. 


TEST RESULTS 

Tests on the wind turbine in the upwind and 
downwind rotor configurations were designed to 
obtain loads and operating characteristics for 
each configuration and the items compared in this 
report include bending moments on the blades, 
rotor teeter response, and nacelle yaw moments. 

It was also desirable to define rotor aerodynamic 
performance but this was not possible using the 
nacelle wind speed measurement which was available 
for the tests. 

Analysis of the test data makes use of the bins 
analysis techniques, (Ref. 4) that have been used 
extensively in the past in the evaluation of wind 
turbine operational data. The results presented 
in this paper will use terms that are cotwnon in 
this type of analysis and have been described in 
previous reports. These terms, such as mean and 
cyclic values and median value of a given ”bin'* of 
data, are described in fig. 4 for the convenience 
of the reader. The test results are a statistical 
presentation of data that have been sorted into 
"bins" or specific intervals of an independent 
variable, such as nacelle wind speed or nacelle 
yaw angle. A single revolution of the rotor 
provides a data point, and typically anywhere from 
2000 to 10, OCX) data points comprise a data set 
used in the bins analysis. 


Blade Bending Moments 

Flatwise rotor blade bending moments at blade 
station 13.21 for the downwind and the upwind 
rotor are ^own in Fig. 5 and Fig. 6. Station 
13.21 is on the pitchable tip near the 70% span 
point of the blade and the data shown represents 
bending parallel and perpendicular to the 
chordplane of the blade, but not always aligned 
with the rotor plane. Flatwise bending nraments 
are loads which produce blade deflections which 
are generally perpendicular to the rotor plane; 
chordwise bending moments produce deflections 
which are generally in the plane of the rotor. 

Mean flatwise bending noments increase, as wind 
speed increases until rated wind speed is 
attained. At this point the control system is 
active and the blades are pitched toward feather 
to maintain a power level of ICO kW. Above rated 
wind speed rotor thrust is decreased as the wind 
speed increases; this is reflected in reduced 
blade bending moments. The trend appears to be 
the same for both the downwind and the upwind 
rotor (Fig. 5a and Fig. 6a) though the data sample 
for the upwind rotor did not contain enough high 
wind speed data to define the upwind rotor 
response at higher wind speeds. Mean bending 
loads peak at the same value and drop off at rated 
wind speed, indicating that both configurations 
are experiencing approximately the same level of 
rotor thrust at rated condition. 
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The main dif fereixe between upwind and downwind 
blade loads appears in the cyclic component of the 
bending moment (Fig. 5b and Tig. 6b) , While mean 
bending loads are related to rotor thrust and 
decrease at wind speeds above rated conditions, 
cyclic flatwise bending loads are related to flow 
disturbances that occur as the rotor blade 
completes each revolution. In the cyclic blade 
bending data (Fig. 5b), the downwind rotor shows a 
trend that increases with wind speed while the 
upwind rotor (Fig. 6b) does not appear to indicate 
this trend. The tendency of the downwind rotor 
loads to increase with wind speed is consistant 
with the effects of tower shadow, which become 
more pronounced as wind speed increases. The 
upwind rotor does not experience this disturbance, 
as demonstrated by the data in Fig. 6b. 

Three stations along the rotor blade were 
instrumented for blade bending, but problems with 
the instrumentaion unfortunately prevented 
obtaining reliable data from both configurations 
at other stations. 

No differences were noted in blade chordwise 
bending and this data was not included in the 
paper. 

Rotor Teeter Response 

Rotor teeter response for downwind and upwind 
rotors are compared in Fig. 7 and Fig, 8. Cyclic 
teeter angles as a function of wind speed and yaw 
angle indicated on the nacelle are shown for both 
configurations. 

The median values of teeter angle show no 
discernable trend with wind speed for either 
configuration (Fig. 7a and Fig. 8a), but the 
maximum values show a tendency to increase with 
wind speed until rated wind speed is reached, at 
which point the maximum values show a decreasing 
trend. We feel that this tendency of the rotor 
teeter response to peak at rated wind speed is 
associated with an approaching instability in the 
rotor as the blade stall margin decreases. Local 
stall occurs when the wind speed increases to the 
point that the local angle of attack on the blade 
exceeds the airfoil stall point. As the blade 
operates nearer the stall point, the rotor stall 
margin is reduced. At wind speeds above V-rated, 
the blade tips are pitched to reduce the blade 
angle of attack, which increases the stall margin 
of the tip of the blade and adds stability to the 
teetered rotor. We plan additional tests to 
verify this theory. 

Teeter angle as a function of yaw angle, as 
indicated on the nacelle, is shown for the 
downwind rotor in Fig. 7b and for the upwind rotor 
in Fig. 8b. The downwind rotor case exhibits a 
slight tendency for teeter angle to increase as 
yaw angle increases, whereas the upwind rotor 
reaches a maximum value at a yaw angle of UP 
ard shows a second peak at 35°. The reason for 
this behavior around 10° of yaw angle is not 
understood, but the increase at 35° is 
consistent with similar bd^avior on the downwind 
rotor and appears to be connected with the rotor 
direction of rotation. 


The rotor teeter response for the downwind rotor 
differs from that presented in an earlier report 
(Ref. 1). The teeter data shown in this report 
was taken from a data set whidn was tailored to 
reserrble the data set which was yielded by the 
ipwind rotor tests. The data set used in the 
earlier report contained more high wind data, and 
perhaps more importantly, data that were more 
turbulent in terms of wind speed and azimuthal 
variations and was not felt to be a proper basis 
for a conparison. 

Nacelle Yaw Moment Tests 

Tests were run on the wind turbine to determine 
the effect of yaw angle on nacelle yaw moment. To 
acquire the necesary data, the wind turbine was 
synchronized with the utility grid at 33 rpm with 
the yaw brake released, the machine was yawed out 
of the wind approximately 3Q°, the yaw motor was 
deaetivated, and data were taken for a period of 
30 minutes, allowing only the variation in wind 
direction to vary yaw angle. This process was 
repeated for a mean yaw angle of -30°, the data 
sets were combined, and bins analysis was 
performed to determine the effect of yaw angle on 
nacelle yaw moment. The tests were performed on 
both the upwind and the downwind rotor and the 
results are shown in Fig. 9 and Fig. 10. Yaw 
torque data were taken on the yaw shaft torque 
gage shown in Fig, 1, which have been converted to 
nacelle yaw moment for the convenience of the 
reader. Yaw angle was measured on the nacelle 
HDunted wind vane. 

Test results for the downwind rotor shown in Fig. 

9 indicate that mean values of nacelle yaw moment 
remained relatively constant at -6900 N-m over the 
range of yaw angles from -30° to 40°, At 
-30° the yaw moment increases and passes through 
zero at -53°. The data point at +45° also 
indicates a trend toward zero yaw moment; however, 
the data set provided no information past this 
point. The point of zero yaw moment corresponds 
well with a "free yaw" equilibrium point of 50°, 
which was obtained in free yaw tests on this 
configuration of the wind turbine and adds to our 
confidence in the validity of the yaw moment data. 

Cyclic yaw moments show no particular trend except 
for the slight decrease in the median value around 
a yaw angle of -50°, near the point of zero yaw 
nxment. Both cyclic and mean yaw moments for the 
downwind rotor are very well behaved when compared 
with these terms for the upwind rotor, which tend 
to be more variable, i.e. , have larger standard 
deviations in each of the bins. 

For the upwind rotor, mean yaw moments (Fig. 10a), 
tend to increase with yaw angle and peak at a yaw 
angle of +40°, where the trend appears to 
reverse with the yaw moments decreasing, as we 
approach the limits of the data set. The point of 
zero yaw moment occurs at a yaw angle of 
approximately -50°, very near the point of zero 
yaw moment indicated for the downwind rotor. 
However we can place no particular significance on 
this coincidence. 
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Ihe cyclic component of the nacelle yaw moment for 
the upwind rotor (Fig. 103 ) shows the same trend 
as the mean component, i.e., increasing with 
increasing yaw angle. The two components, mean 
and cyclic, showed similar trends for the downwind 
rotor also. However, as mentioned above, the 
magnitude and the variability of the cyclic 
component indicates that the upwind teetered rotor 
is less well behaved when compared with a downwind 
rotor. 

The median of the mean component of yaw moment for 
the downwind rotor was measured to be -6900 N-m 
for yaw angles between -30° and +40^. The yaw 
moment caused by the 8-1/2^ tilt of the nacelle 
while 100 kw is being produced by the rotor is 
-5350 N-m, which indicates that the major portion 
of the mean yaw moment measured on the downwind 
rotor machine was due to the tilt in the nacelle. 
These tests will be repeated later this year on a 
tubular tower with the rotor tilt removed, and the 
yaw moment and "free yaw” characteristics will 
again be evaluated. 

The results of the yaw moment tests indicate that 
from the viewpoint of yaw forces, a downwind rotor 
is to be preferred over an upwind rotor. Both 
mean and cyclic yaw forces were higher for the 
upwind rotor, indicating the need for more power 
and damping in the yaw drive mechanism and the 
potential for increased fatigue. There was no 
indication that the upwind rotor presented 
particularly difficult design problems with 
respect to yaw loads, however. 

CONCLUDING REMARKS 

Tests have been conducted on a 100 kW horizontal 
axis wind turbine having first a rotor downwind of 
the supporting truss tower and then upwind of the 
tower. Aside from the placement of the rotor and 
the direction of rotation relative to the nacelle, 
the wind turbines tested were identical. Three 
aspects of the test results were compared: rotor 

blade bending loads, rotor teeter response, and 
nacelle yaw moments. Conclusions based on the 
comparisons are presented below: 

1. Cyclic flatwise bending moments are hi^er 
for the downwind rotor and increase with wind 
speed, reflecting the flow disturbance created by 
the tower. Cyclic bending moments for the upwind 
rotor appear to be relatively unaffected by wind 
speed. Ntean flatwise bending moments were the 
same for upwind and downwind rotors. 

2. Rotor teeter response appears to Indicate 
a tendency toward teeter instability near rated 
wind speed for both upwind and downwind rotors. 
Further testing is required to verify this 
conclusion. No significant differences were noted 
between upwind rotor and downwind rotor teeter 
response. 

3. Nacelle yaw moments were smaller for the 
downwind rotor but the increased yaw loads on the 
Lpwind rotor do not indicate significant design 
problems. 
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FIG. 5 - DOWNWIND ROTOR: FLATWISE ROTOR 

BLADE BENDING MOMENT AT STATION 13.21; 
MEAN BENDING, a, AND CYCLIC BENDING, b, 
VS. NACELLE WIND SPEED 
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FIG. 6 - UPWIND ROTOR: FLATWISE. ROTOR 
BLADE BENDING MOMENT AT STATION 13.21; 
MEAN BENDING, a, AND CYCLIC BENDING, b, 
VS. NACELLE WIND SPEED 
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FIG. 7 - DOWNWIND ROTOR: CYCLIC TEETER 

ANGLE VS. NACELLE WIND SPEED, a, AND 
NACELLE YAW ANGLE, b 
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FIG. 8 - UPWIND ROTOR: CYCLIC TEETER 
ANGLE VS. NACELLE WIND SPEED, a, AND 
NACELLE YAW ANGLE, b 
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FIG. 9 - DOWNWIND ROTOR: MEAN NACELLE FIG. 10 - UPWIND ROTOR: MEAN NACELLE 
YAW MOMENTS, a, AND CYCLIC NACELLE YAW YAW MOMENTS, a, AND CYCLIC NACELLE YAW 
MOMENTS, b, VS. NACELLE YAW ANGLE MOMENTS, b, VS. NACELLE YAW ANGLE 
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QUESTIONS AND ANSWERS 


From 

Q: 

As 

From 

Q; 


A: 


From: 

Q: 

A: 

From: 

Q: 

A: 

From 

Q! 

A; 


J*C» Glasgow 


Mike Bergey 

What problems were encountered as a result of the inclined rotor axis? 

Aside from creating an unbalanced yaw force in our "free yaw" tests ^ no problems 
or peculiar behavior were noted as a result of the inclined rotor axis. We will 
have a chance to compare these results with tubular tower results later this year 
and we should then be able to say what the effects or voter axis tilt was. 

W.C. Walton 

1) What do you think is the main benefit of the teeter? 

2) You show improvement in blade cyclic bending moments associated with the up- 
wind configuration. Were the downwind cyclic bending moments a concern? 

3) What aspect of design is affected by nacelle yaw moment? 

1) Reduced loads on blade ^ hub main drive shaft (bending ) and yaw loads. Probab- 
ly the most significant benefits are the reduced loads on the yaw drive and 
thie rotor support (i.e.y low speed shaft or main rotor support bearing) . 

With a teetered rotor the response to gusts appears more benign than with a 
rigid two-bladed rotor. 

2) No! Blades are usually designed by disaster type loads such as hurricanes ^ 
iccy or emergency shutdown. 

Z) Xaw drive and yaw mechanism -- also ability to attain "free yaw" alignment. 

\ Anonymous 

What differences did you find in upwind and downwind readings of the anemometer? 

The effect of rotor placement on the anemometer is indicated by the differences in 
VrATED - for downwind rotor and 9.4 m/s on the upwind rotor. How much of 

this is due to the interference of the rotor is not known. The agreement between 
nacelle wind speed and free stream wind speed does improve at values above VraTED- 
We are studying this situation and should have more definitive answers about rotor 
interference on nacelle mounted anemometers in the near future. 

E M. Gabler 

What was your experience with the anemometer operating behind the blade with the 
machine upwind? 

For some strange reasony our nacelle measurements indicated that the flow was ac- 
celerated downwind of the rotor and retarded upwind of the rotor. The agreement 
with Free Stream Wind Speed improves above rated wind speed. 

\ W.E. Holley 

Why do you display results using "sigma-bins" method rather than "power- spectral- 
density" method? 

The "bins" method yields information which is more applicable to the questions 
which we have been asked to answer up to this point. 

There has not been a large demand for spectral data from wind turbine designers up 
'to now. 
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J,C. Glasgow (continued) 


From: Mel Snyder 

Q: Do the graphs of yawing moment show a free yaw stability point of -60® for both 

wind and downwind rotors? 

A: I intended to eovev this point: "Fvee yaw” tests showed that we had an equilibrium 

point at -50^ for the downwind rotor. This same pointy approximately -50^ is indi- 
cated for the upwind rotor ^ but we did not run a "free yaw” test on the upwind 
rotors. See B, Brooks (Earn, Std, 1 paper for "free yaw” results. 

From: Don Meitson 

Q: Were all the yaw moments at rated power? 

A: Eo, Some were at rated power of 100 kW^ but most were not. 
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A REVIEW OF RESONANCE RESPONSE IN LARGE, HORIZONTAL-AXIS WIND TURBINES 


Timothy L. Sullivan 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 

ABSTRACT 

Field operation of the Mod-0 and Mod-1 wind turbines has provided valuable information concerning 
resonance response in large, two-bladed, horizontal axis wind turbines. Operational experience has 
shown that 1 per rev excitation exists in the drive train, high aerodynamic damping prevents resonance 
response of the blade flatwise modes and teetering the hub substantially reduces the chordwise blade 
response to odd harmonic excitation. These results can be used by the designer as a guide to system 
frequency placement. In addition it has been found that present analytical techniques can accurately 
predict wind turbine natural frequencies. 


INTRODUCTION 

In any mechanical system, vibrations are 
undesirable and possibly dangerous if the 
vibratory motion becomes excessive. However, in 
a rotating system, like a wind turbine, 
vibrations are unavoidable. Hence, one of the 
keys to good design of wind turbines is to 
minimize vibrations. This is done by avoiding 
resonance. 

Resonance is a phenomenon which occurs in a 
structure when an exciting or forcing frequency 
equals or nearly equals one of the natural 
frequencies of the system. It is characterized 
by a large increase in displacements and 
internal loads. In a rotating system the 
exciting frequencies are integer multiples of 
the rotational speed. In a wind turbine the 
important natural frequencies that must be 
considered are those associated with the blades, 
the tower (including yaw drive) and the drive 
train. 

The purpose of this report is to review what has 
been learned about resonance response from 
operation of the Mod-0 and Mod-1 wind turbines. 
Based on this field experience, conclusions will 
be made concerning when resonance will occur in 
a two-bladed, horizontal-axis wind turbine. In 
addition analysis and design approaches to avoid 
resonance will be discussed. 

ANALYTICAL APPROACH TO RESONANCE 

A useful tool in the analysis of resonance 
potential of complex rotating systems is the 
frequency plot or Campbell diagram. A Campbell 
diagram for a hypothetical wind turbine, typical 
of wind turbines like the Mod-0 and Mod-1, is 
shown in Figure 1. In this diagram system 
natural frequencies are plotted versus 
rotational frequency. The radial lines are 
plots of integer multiples of the rotational 
frequency and represent exciting frequencies. 
Therefore, a potential for resonance exists 
whenever lines cross. This type of diagram is 
particularly useful for analyzing wind turbines 
designed to operate at variable rotational 
speeds. 


System natural frequencies like those shown in 
Figure 1 can be calculated using finite element 
computer codes such as NASTRAN. Modeling 
considerations and natural frequency results for 
the Mod-0 tower, bed plate and blades are 
presented in reference 1 and for the Mod-0 drive 
train in reference 2. Experimental methods 
using vibration analyzers (ref. 3) are available 
for verifying calculations. Agreement between 
measured and calculated frequencies within 5 
percent are not uncommon for 'the lower frequency 
modes that are of primary interest in wind 
turbines. 

For a wind turbine with a single operating 
speed, another type of frequency diagram can be 
constructed and this is illustrated in Figure 
2. This diagram was presented at the Mod-2 
preliminary design review. The radial "per rev" 
lines of Figure 1 are now vertical lines with an 
avoid range applied. The required width of the 
avoid ranges is not precisely known. Here they 
were conservatively set at f 0,5 per nev for the 
even harmonics and tO.25 per rev for the odd 
harmonics. Calculated system frequencies are 
also shown. All the system frequencies are 
clear of the avoid ranges except the off-line 
drive train frequency. Because the rotor is a 
node point for this mode, the rotor cannot 
excite it. Therefore it is permissible to be 
within the avoid range for this case. 

The avoid ranges shown in Figure 2 are 
relatively wide, resulting in rather small 
windows for the designer to place system 
frequencies. Another point to note in this 
figure is that for the drive train no avoid 
range is shown for the odd harmonics. The 
significance of this will be discussed in the 
following section. 

A similar diagram for the Mod-1 wind turbine for 
35 rpm operation is shown in Figure 3(a), Here 
a slightly different approach to the avoid 
ranges was taken. The avoid ranges are not as 
wide, allowing the designer greater flexibility 
in frequency placement. The justification for 
the very narrow avoid range for the flatwise 


237 



blade mode Is the high aerodynamic damping 
associated with this mode. Only odd harmonic 
avoid ranges are shown for the blade chordwise 
mode because no even harmonic excitation is 
expected. The theoretical basis for this can be 
found in reference 4. The blade torsion/pitch 
change mechanism (PCM) mode requires high 
Stiffness to avoid flutter. The natural 
frequency of this mode should be designed to be 
so high that resonance is not a consideration. 

Measured and calculated system frequencies are 
compared in Figure 3{a)i showing the degree of 
correlation which can be expected. The 
calculated biade frequencies Include the effect 
of- centrifugal stiffening. The measured blade 
frequencies were obtained by applying an 
analytically derived correction factor to the 
measured non -rotating frequencies. In general 
the agreement between measured and calculated 
values is good, which is typical of experience 
to date. When differences do occur, they can 
usually be explained by modeling assumptions 
that were not realized in the as-built wind 
turbine. For instance, the difference in the 
off-line drive train frequencies comes from the 
assumption of no backlash in the drive train. 

The difference in the tower bending frequencies 
is related in part to the assumption of a 
flexible foundation, when the actual wind 
turbine was attached to bed rock. 

A condensed version of Figure 3(a) is shown in 
Figure 3(b) for the pries ent operating speed of 
the Mod-1, 23 rpm. The measured natural 
frequencies are clear of the avoid ranges except 
for the blade flatwise mode. Because of high 
aerodynamic damping, this is no concern. Note 
that the calculated drive train mode now is very 
close to 1 per rev. The implications of this 
are discussed in the following section. 

FIELD EXPERIENCE WITH RESONANCE 

Because it is a research machine the Mod-0 wind 
turbine has provided much experience with 
resonance. The Mod-1 has provided additional 
experience. In this section this experience 
win be reviewed for the drive train, rotor 
support (tower, yaw drive) and blades. 

Drive Train 

For a perfectly balanced rotor, only even 
harmonic excitation would be expected in the 
drive train of a two b laded rotor. For this 
reason avoid ranges in Figures 2 and 3 are shown 
only on the even harmonics. However, mass, 
stiffness or aerodynamic unbalance from blade to 
blade can cause odd harmonic excitation as 
well. This was vividly demonstrated when the 
Mod-1 rotor speed was reduced from 35 to 23 rpm 
which placed its natural frequency close to 1 
per rev. The output power of a wind turbine can 
vary^ about a mean power level. Figure 4 
compares the amplitudes of cyclic power 
variation for 23 and 35 rpm operations. 
Examination of the real time data for 23 rpm 
operation showed the cyclic frequency was close 


to 1 per rev. The source of the 1 per rev 
excitation in the drive train is presently being 
investigated. However, the response seen here 
is not peculiar to the Mod-1. Synchronous 
operation of the Mod-0 at 35 rpm placed its 
drive train natural frequency close to 1 per 
rev. A time history of output power is shown in 
Figure 5. The response here is very similar to . 
that seen with the Mod-1. 

The field experience described above provides 
strong evidence that wind turbine drive trains 
contain 1 per rev excitation. In addition, 

Mod-b drive train resonance caused by even 
harmonic excitation is documented in reference 
2. Therefore, drive train natural frequencies 
must avoid both even and odd harmonics until the 
source of the 1 per rev excitation is better 
understood and reduced or, hopefully, 
eliminated. 

Rotor Support Structure 

In its Initial configuration the Mod-0 had a 
relatively flexible yaw drive. The natural 
frequency of the nacelle and rotor about the yaw 
drive was close to 2/rev at the operational 
speed of 40 rpm. This resonance resulted in 
large yaw oscillations which in turn resulted in 
an amplification of blade loads. This 
amp 1 1 f i cat i on was of major concern because , i f 
allowed to continue, it would significantly 
decrease blade life. Modifications were, 
therefore, made to Mod-0 to increase its yaw 
stiffness. Figure 6 shows cyclic blade loads as 
a function of yaw drive stiffness. The measured 
data are compared to loads calculated using the 
MOSTAS-B computer code (ref. 5). The near 2 per 
rev resonance in the yaw drive caused both 
edgewise and flatwise blade load amplification. 
This amplification has been reduced by either 
softening the yaw drive (free yaw) or by 
stiffening it by means of a dual yaw drive (ref. 
6) and by locking the bed plate to the tower 
with brakes. 

Because it is a research machine, the Mod-0 has 
been modified in several ways primarily to 
support advanced wind turbine projects like the 
Mod-2. Among these modifications are reduction 
of the tower natural frequency by placing it on 
a spring fixture (ref . 7) and replacement of the 
rigid hub with a teetered hub (ref. 8). The 
effect of these modifications on resonance 
response will be described next. 

The original Mod-0 tower had a first bending 
frequency of about 2.1 Hz and was characterized 
as being “stiff" because this frequency was 
greater than the blade passing frequency of 
2/rev when operating at 40 rpm. Because of 
interest in more flexible towers, primarily for 
economic reasons, the frequency of the Mod-0 
truss tower was reduced by placing the tower on 
a spring fixture. The details of this fixture 
are given in reference 7. With the fixture the 
tower bending frequency was reduced to about 0.8 
Hz or 1.5/rev at the present operational speed 
of 31 rpm. Towers with bending frequencies 
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between 1/rev and 2/rev are classified as "firm" 
towers. One of the operational characteristics 
with firm towers is that the machine passes 
through a 2/rev tower resonance going up to and 
coming down from operation speed. The effect of 
this resonance on blade and tower loads was a 
concern. 

Figure 7 shows the envelope of peaks from a time 
history of the response of the Mod-0 with a firm 
tower during a typical start-up, shut-down 
cycle. In summary, this test showed that when 
passing through the tower resonance, blade loads 
were not adversely affected and tower 
deflections were not excessive. More details of 
this test can be found in reference 9. Initial 
operation of the first Mod -2 wind turbine at 
Goldendale, Washington, confirms the results of 
the Mod-0 firm tower tests. 

Blades 

Blade resonance response can be determined by 
running a speed survey in which the wind turbine 
is operated over a wide range of rotor speeds. 

The results of a speed survey between 12 and 40 
rpm for Mod-0 in the stiff tomr configuration 
are shown in Figure 8. In general the chordwise 
Toads respond to the odd harmonics as expected. 
Peak response was expected to occur very close 
to the odd per revs. However, the 5 per rev 
peak response occurs about 2 rpm higher than 
expected. The reason for this displaced 
response is not presently understood. The 
response to harmonics greater than 5/rev does 
not appear to be significant. Examination of 
flatwise blade loads during this same speed 
survey showed no load amplification at any rotor 
speed. High aerodynamic damping prevents the 
blades from responding in the flatwise direction. 

The primary reasons for teetering a rotor is to 
reduce flatwise blade loads and torsional tower 
loads. As a result hub motions are reduced, 
which in turn should reduce the blade resonance 
response. This Indeed is the case as shown in 
Figure 8 for a 5/rev resonance. The load 
amplification for the teetered hub was about 
half that for the rigid hub. 

The data shown in Figure 8 have certain 
Implications with respect to multispeed 
operation of a wind turbine. Operation on 5 /rev 
and above for a teetered rotor and 7/rev and 
above for a rigid rotor could probably be 
tolerated. This is based on the fact that the 
load magnification for these resonances is less 
than 20 percent. 

CONCLUSIONS 

Based on the operation of the Mod-0 and Mod-1 
wind turbines, the following conclusions 
concerning resonance response in large, 
two-bladed, horizontal axis wind turbines can be 
made: 

1. The important natural frequencies of 
wind turbines can be calculated with reasonable 
accuracy. 


2. Odd harmonic content is present in the 
drive train and can cause significant resonance 
response. 

3. Resonance associated with yaw drive 
flexibility causes blade load amplification; 
resonance associated with tower bending 
flexibility does not cause blade load 
amplification. 

4. Odd harmonic excitations up to and 
including 5/ rev can cause sign if leant blade 
chordwise resonance response; teetering the 
rotor will reduce this response substantially. 

5. High aerodynamic damping prevents 
resonance response in the blade flatwise 
direction at all frequencies. 
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MODE: 



Figure 1 - Campbell diagram for a hypothetical 
wind turbine. 



Figure 2 - System resonance avoidance -- the Mod -2 approach. 
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0 PREDICTED ♦ HEASURED H TO BE AVOIDED 
(a) 35 rpm 



0 PREDICTED ♦ MEASURED ^ TO BE AVOIDED 

(b) 23 r|»n 


Figure 3 - Mod-1 systern natural frequencies. 
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POD ACCELERATION, g's 


BLADE ROOT FLATWISE MENT. 10^ lb. -ft. 


BUDE ROOT CHORDWISE MENT. 10^ lb. -ft. 


50 
25 
0 

ROTOR SPEED, rph 

figure 7 - Response of the Hod-0 when passing through a 

2/rev tower resonance (envelope of cyclic peaks). 



ROTOR SPEED. Q . rpm 

Figure 8 - Blade root chordwlse response as a function of 
rotor speed for the Mod-0 tip-controlled blade. 
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QUESTIONS AND ANSWERS 


T«L, Sullivan 


From: K, Hohenemser 

Q: Why did you not show the chordwise 3P for the rigid hub? 

As ye were afraid of damaging the blades if we ran the rigid hub up to 3P (40 rpm) . 

From : W . C . Walton 

Q: 1) Do blade dynamic characteristics (stiffness; natural frequencies) play any role 

in. the IP drive train resonance (i.e, , do the blades just provide the rotation-’ 
al inertia) ? 

2) In the blooming of tower response (with no accompanying increase in blade loadi) 
were the tower loads of any concern? 

A: 1) For the fundamental drive train mode (which is the one of most concern) only 

the rotor inertia plays a role in the drive train natural frequency • 

2) Tower loads were not of concern. However^ the loads in the spring fixture 

used to soften the tower were of concern, Bence ^ the spring fixture was strain 
gaged. These strains were within acceptable limits. 

From: Anonymous 

Q: What is the predominant frequency of the cyclic coir^onent of MOD-1 power output 

(at 23 rpm rotor speed)? 

As Close to 1/rev, 

From: R. Per ley 

Q: What is the basis of establishing the avoidance ranges? 

A: Presently they are set rather arbitrarily. Heavily damped modes have narrow bands. 

Lightly damped modes have wider bands. Additional field experience and computer 
studies will allow us to set the avoid ranges more precisely , 

From: W, Sullivan 

Q: What methods were used to compute MOD-1 and 2 resonant frequencies — are all rotating 

coordinate system effects included? 

A: The only rotational effect taken into account was centrifugal stiffening. This 

approach gives good agreement with measured data, #• 
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and 
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ABSTRACT 

At the Rocky Flats Wind Systems Center, several 
different tower dynamics analysis methods and 
computer codes are used to determine the natural 
frequencies and mode shapes of both guyed and 
freestanding wind turbine towers. In this paper 
these analysis methods are described and the 
results for two types of towers: a guyed tower 

and a freestanding tower are shown. The advan- 
tages and disadvantages in the use of and the 
accuracy of each method are also described, 

INTRODUCTION 

The accurate prediction of tower vibration fre- 
quencies and mode shapes is important in avoiding 
unwanted vibration problems. At present, there is 
a variety of structural dynamic analyses covering 
a range of complexity and application. In this 
paper, some of the existing analyses and corres- 
ponding computer codes will be examined in order 
to determine those which can be of use to the 
SWECS industry. 

A tower* dynamics supporting research and technol- 
ogy project has been conducted at the Rocky Flats 
Small Wind Systems Center. The objective of this 
project has been to determine those analyses which 
are simple to use but give adequate results com- 
pared to test results. This paper will present 
some of the simpler tower dynamic analyses, their 
correct use and accuracy. The simpler analysis 
methods will be presented in order of increasing 
complexity and accuracy. The theory and use of 
the methods will first be described, as well as 
the accuracy of results for towers with various 
mass and stiffness distributions. The results 
from these analyses will then be compared to the 
test results for two types of towers at l^cky 
Flats: 1) a guyed tower with uniform mass and 

stiffness, and 2) a freestanding tower with 
uniform mass but tapered stiffness. It will be 
shown that accurate determination of the bending 
frequencies for towers with tapered stiffness is 
more difficult, using the simpler analyses. This 
will require the designer to use a more complex 
analysis, such as SAPIV, It should be emphasized 
that this paper deals specifically in determina- 
tion of tower bending frequencies. The case of 
torsional frequencies or coupled bending torsional 

*Now with Energy Sciences, Inc,, Boulder Colorado. 


frequencies have not been analyzed, using the 
methods of this paper. The results for these 
frequencies may be the subject of a later paper, 

THEORY AND USE OF THE METHODS 
The Rayleigh Quotient 

The Rayleigh Quotient forms the basis for some 
approximate methods: the Rayleigh Method and 

the Rayleigh Ritz Method, both to be described 
here. The system to be analyzed is shown in 
Figure 1. The freestanding tower has variable 
mass and stiffness distributions pA(x) and 
El{x), respectively. A concentrated mass, M, is 
attached at the tower top at a height, L, above 
the ground. 



Figure 1: System to be Analyzed. 

By assuming the deflection v(x,t) in the form: 
v{x,t) = f(x) sinpt 

and equating the tower potential energy at 
maximum displacement to the kinetic energy at 
minimum displacement, the Rayleigh Quotient can 
be expressed: 
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/ EKx) [4 "(x)] 2 dx 

p2(^) =0^ 

/ pA(x) C 4 {x)]^ dx + MCt(L)]^ 


From Table I it can be seen that the accuracy of 
results from Equation 1 diminishes for towers 
with higher stiffness taper rates and larger tip 
masses because the assumed first mode shape 
4>(x), used in the above analysis, approximates 
the exact mode shape less accurately. 


When 4 is an exact vibration mde of the tower, p 
has the value of the corresponding exact natural 
frequency; also, p^ is stationary with respect to 
variations in ^ at each of these points (Ref. 3). 
This expression can be expected to give a good 
approximation to the frequency if a good approxi- 
mation to the mode shape is used to evaluate 
Equation 1. A simple analysis can be formed for 
the special case of a tower with uniform or 
linearly tapered mass and stiffness distributions, 
in order to find the first bending frequency. 

A Simple Analysis 

For a freestanding tower with linear mass and 
stiffness distributions of the form: 

EKx) = EIq (1 - 3 x/L) 

pA(x) = pAq (1 - Y x/D* 

the approximate shape: 


TABLE I: COMPARISOH OF RESULTS OBTAINED FROH 

SIMPLE METHOD (Wc) TO EXACT RESULTS 
(We) for the first BENDING FREQUENCY 
RATIOS, FOR VARIOUS TAPERS AND TIP 
MASS RATIOS. 



Tapered Stiffness, Uniform Mass: 3 - .9, y = 0 


4 3 2 

♦(x) = (r) - 4(r) + 6(f) ** 

can be used to evaluate Equation 1 with the 
result: 

2 El ^ 28.800 - 4.8003 (2) 

p = _ — — ^ ^ ^ ^ ' — 

pAqL^ (2.311 - 1.854y) + 9.00u 

where m is the ratio M/pAqL. 

In those cases where exact frequencies for a 
cantilever beam with a tip mass have been calcu- 
lated, the results from Equation 2 can be com- 
pared directly to give an indication of the 
accuracy. Table 1 shows the dimensionless 
frequency ratios: 



3 

We 

«s 

% Error 

1.0 

1.33 

1.47 

10.5 

2.0 

0.99 

1.10 

11.1 


Limitations of the Method 

This simple n^thod is applicable to freestanding 
towers for mass and stiffness distributions 
varying approximately linearly. Only the first 
bending frequency can be found from Equation 2, 
although the second bending frequency might be 
estimated if the analyzer could evaluate Equa- 
tion 1 with a good second mode shape approxima- 
tion. Equation 2 is useful for obtaining a 
rough estimate of the first bending frequency of 
freestanding towers, without the use of a 
computer. 

A Rayleigh Computer Code 


obtained from Equation 1 compared to exact 
results calculated, using a power series method 
(Ref. 8). 


*EIq and pAq are the stiffness and mass 
distributions of the tower at the base. 


case 3 =0, Y - 0 is that of a uniform tower. 

**The assumed mode shape should satisfy some or 
all 6f the cantilever tower boundary condi- 
tions. Here: <j)(o)= 0 and ^*(o) = 0 are satis- 

fied. The assumed mode shape should at least 
satisfy the base boundary conditions. 


A program developed at MIT, Program Rayleigh 
(Ref. 4), uses the Rayleigh procedure to evalu- 
ate the first bending mode for freestanding 
towers with nonlinear mass and stiffness distri- 
butions. The tower can be divided into N equal 
segments and constant values of mass and stiff- 
ness are input along each segment. Simpson's 
integration is then used to evaluate the inte- 
grals in the Rayleigh Quotient. 

Both the Simple Method and the Rayleigh Program 
have the disadvantage that the user must input 
an assumed mode shape. The accuracy of the 
corresponding results depends on this one shape. 
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In a method to be described next, a linear com- 
bination of assumed shape functions is used to 
form the function (|)(x) for use in the Rayleigh 
Quotient, This method is particularly useful for 
guyed towers, because the HK)de shapes are harder 
to approximate with a simple function, such as 
that used in the simple method above, 

THE RAYLEIGH RITZ PROCEDURE 

The Rayleigh Ritz method involves using a set of 
assumed shape functions ti’(x) and combining 
them to form the mode shape: 

<j){x) = + A2 a|j^(x) + • . . + (3) 

The Aj*s are constants to be determined and the 
are a set of linearly independent func- 
tions, each satisfying some or all of the boun- 
dary conditions of the tower.* 

For a guyed tower, Rayleigh's Quotient can be 
expressed: 

/ EKx) [4>"{x)]^ dx + Kci.)>(a)]2 
p2(,) = o__ (4) 

/ pA(x) [♦(x)]^ dx + M[4>(L|]^ 

0 

where Kc is the guy wire stiffness coefficient 
and a is the guy wire attachment height, shown in 
Figure 2. For three guy wires spaced 120° apart, 
Kc can be shown to be {Ref. 6): 

Kc = |- ( cos^0. (5) 

While for four guy wires spaced 90° apart, the 
factor 3/2 in Equation 5 is replaced by a 2. 

These values of Kc are valid when the guy wires 
have been tensioned sufficiently so that there is 
no coupling between the guy wires and the tower 


Substitution of the mode shape form in Equation 3 
into Equation 4 gives: 


p (<^) = 
Where: 


1 1 


16 ) 


1 

d,.j = / f{ 5) <l<^"(5)'l|j"(5)d5 + lTcij)^.(5a)i^j(?a) 

(7) 

1 

bi j - / h( £) 0 ‘Ijj ( E)d K + ( 1 ) (1 ) 



Figure 2: Guyed Tower to be Analyzed. 

It is known that the Rayleigh Quotient is sta- 
tionary with respect to variations in ^(x), when 
i»(x) is an exact mode shape for the tower. This 
can be shown to require that: 

Det Ld^j - = 0 (Ref. 3). 

The problem is thus reduced to finding the h 
values of which make the determinant of this 
N x N matrix equal to zero. The N values of W 
give estimates for the first N frequencies of 
the tower. 

Simple Analysis 

A simple two-mode analysis for freestanding 
towers can be performed by using two approxi- 
mating functions of the form: 

i|)l( 5) = r - + 6?^ 

(8) 

,)/ 2 (£) = 35 ® - lO ?'* + 1054 
The integrals d^-j and b^*j then are: 
dll = 28.800 - 4.800ft 
di2 = 24.000 - 6.857ft 


d22 = 34.286 - 12.857 6 
bn = 2.3111 - 1.8540r + 9.0Gw 
bi2 = 2.0698 - 1.6997y + 9.00^ 
b22 == 1-8817 - 1.5732Y+ 9.00^ 


i, j “ 1,..., N 

and C, f(5), h{|), Ea, and y are the dimen- 
sionless distance, stiffness, mass distribution, 
guy level attachment, guy stiffness coefficient, 
and tip mass ratio, respectively, as defined in 
the nomenclature. 


when det [d,*j - is evaluated, the 

polynomial giW^)^ - cjW^ + z = 0 must be solved 
where: 

9 = t>ub22 - bi2^ 

q = diib22 ^ ^11<122 " ^^12^12 
A = diid22 - di2* 


*The functions should satisfy at least the 
geometric boundary conditions (Ref. 3). 
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Table II shows the results for various values of 
tip mass ratio and taper rates* This shows that 
the simple two-raode method becomes inaccurate for 
the second bending frequency ratios of towers 
with large stiffness tapers. This method gives 
more accurate results for the first bending fre- 
quencies compar-ed to the results of the previous 
sections. 

TABLE II: EXACT (W^g) AND APPROXIMATE 

FIRST AND SECOND BENDING FREQUENCY 
RATIOS FOR A FREESTANDING TOWER. 
TWO-MODE RAYLEIGH RITZ PROCEDURE, FOR 
VARIOUS TAPERS AND TIP MASS RATIOS. 

Uniform Stiffness, Uniform Mass: B - 0, r = 0 



w. 

le 

la 

% Error 


«2e 

«2a 

% Error 

tr-* 

. 

1.56 

1.56 

0.0 


16.25 

17.61 

8.4 

0 

CM 

1.16 

1.16 

0.0 


15.86 

17.29 

9.0 


Unform Stiffness, Tapered Mass: 0, y = .9 


n( 5) = + 6|2 

5) = 3^ - 10 + 10 

,|3( 5) = 2?6 . 6|5 + S?** 

t(.4U) = 5^® - 2.5f® + 1.60?r. 

The program can be used for linear or nonlinear 
mass and stiffness distributions by dividing the 
tower Into N sections (not necessarily equal) 
and Inputting constant values of stiffness and 
mass along each section. Numerical Integration 
techniques are then used to evaluate the Inte- 
grals In the Rayleigh Quotient. Table III shows 
the Improvement for the first and second bending 
frequency results, compared to the simple two- 
mode method of Table II. 

TABLE III: EXACT (Wig) AND APPROXIMATE 

FIRST AND SECOND BENDING FREQUENCY 
RATIOS FOR A FREESTANDING TOWER. 
FOUR-MODE RAYLEIGH RITZ PROCEDURE FOR 
VARIOUS TAPERS AND TIP MASS RATIOS. 


y 

le 

la 

% Error 


«2e 

“2 a 

% Error 

ITa 

1.68 

1.70 

0.6 


22.37 

23.56 

5.3 

27a 

1.21 

1.21 

0.0 


22.17 

23.00 

3.7 

Tapered Stiffness, Uniform Mass: 

6 - 

.9, Y- 

y 

«le 

la 

% Error 


«2e 

^2a 

% Error 

i7a 

1.33 

1.37 

3.0 


11.81 

15.36 

30.1 

SJ 

0.98 

1.02 

4.1 


11.53 

15.06 

31.0 


This simple hand analysis can also be used for 
guyed towers, using these two approximating func- 
tions and Including the guy wire stiffness 
effects In the terms d^-j. As an example, a 
single guyed tower with the dimenslomess stiff- 
ness Kc = 200 and guy level ^ = .8 was examined 
for the first two bending frequencies. It was 
found that Wj » 20.16 and W2 “ 23.43. These 
same results were calculated with a computer 
program, to be described In the next section, 
using a four-mode Rayleigh Ritz procedure with 
the results: « 19.82 and W2 » 22.45. 

These results show that the simple two-mode 
Rayleigh Ritz procedure gives fair results for a 
guyed tower also. 

As will now be shown, the use of more approxima- 
ting functions will Improve the results of 
both the first and second bending mode frequen- 
cies and will also give results for the higher 
mode frequencies. 

The Rayleigh Ritz Computer Program 

The Rayleigh Ritz method can be used to determine 
any number of modal frequencies; however, the 
computational complexity Increases greatly after 
the first two or three modes. For this reason, a 
computer code has been developed at Rocky Flats 
using four approximating functions of the form: 


Uniform Stiffness, Uniform Mass: p = 0, y = 0 


y 

‘'1 

le 

[W-, 

la 

% Error 


Wo 

2e 

“2a 

% Error 


1.56 

1.56 

0.0 


16.25 

16.26 

0.1 

2T0 

1.16 

1.16 

0.0 


15.86 

15.88 

0.1 

Unform 

Sti f f ne ss 

Tapered Mass: 

p = 0, Y = .9 

y 

le 

la 

% Error 


“2e 

“2a 

% Error 

iTa 

1.68 

1.70 

0.6 


22.37 

22.49 

0.5 

2 ^ 

1.21 

1.21 

0.0 


22.17 

22.30 

0.6 

Tapered Stiffness, Uniform Mass: 

P - 

.9, Y = 

y 

“le 

W, 

la 

% Error 


“2e 

«2a 

% Error 


1.33 

1.34 

1.0 


11.81 

12.75 

8.0 

27a 

0.98 

.93 

1.0 

. 

11.53 

12.45 

8.0 


The program can also be run for guyed towers, 
when the guy wire tension is large enough so 
that no coupling between the guy wire first mode 
and tower first mode occurs (Ref. 1). 

Limitations of the Rayleigh Ritz Method 

Both the simple hand method and the four-mode 
Rayleigh Ritz program can be used to calculate 
first and second mode bending frequencies for 
freestanding and guyed towers. The simple 
method gives poor results for the second bending 
frequencies of towers with high stiffness 
tapers. The more complex four-mode method can 
be used for towers having mre complex nonlinear 
mass and stiffness distributions, and gives 
better results than the two-mode method, for 
highly tapered towers. The disadvantage of this 
method Is that a computer must be used. 
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A code for a Tl-59 programniable calculator has 
been developed to handle towers with nonlinear 
mass and stiffness distributions. 

Program TUSF (Turbine Astern Frequencies) 

The two-mode Rayleigh Ritz procedure covered 
above can only be used for towers which have 
approximately linear mass and stiffness distribu- 
tions. For towers with nonlinear distributions, 
this method would be hard to use, because the 
Integrals In the Rayleigh Ritz Method would be 
too hard to evaluate. 

To circumvent this difficulty, a method similar 
to the Rayleigh Ritz procedure has been developed 
for towers with nonlinear mass and stiffness 
(Ref. 6). The tower can be divided Into H sec- 
tions and constant values of mass and stiffness 
are Input along each sigment. Numerical integra- 
tion techniques are then used to find the natural 
frequencies (Ref. 7). 

In the techniques described previously, the 
nacelle and rotor were modeled as a single lumped 
mass at the tower top. This program Includes the 
effects of rotor moments of Inertia and nacelle- 
rotor C.G. location on the system frequencies. 

In addition, the effects of rotor spin rate on 
the natural frequencies are taken Into account. 

The program treats the tower as a flexible member 
and the nacelle and rotor as rigid bodies. It 
will be shown In the section on comparisons of 
analytical results to test results that the 
accuracy of results from this program are similar 
to the accuracy of results from the Rayleigh Ritz 
procedure, I.e., the results for the second 
bending frequencies are less accurate than the 
first bending frequencies. 

In the approximate methods discussed above, an 
Infinite degree of freedom structure Is modeled 
as a beam having finite degrees of freedom. It 
can be shown that this causes the frequency 
estimates from these methods to be higher than 
the exact values (Ref. 6). A method using more 
degrees of freedom Uuch as SAPIV) gives mre 
accurate frequency estimates. 

In the next section, the test procedures and 
results for two types of towers will be present- 
ed. In the section on comparisons of analytical 
results to test results these simple methods, for 
these towers, will be compared. The results from 
more accurate structural codes (such as SAPIV) 
win also be shown. A recommendation as to which 
tower types can be analyzed, using the simple 
method, will also be given. 

TEST PROCEDURES AND RESULTS 
Objectives 

This section deals specifically with the test 
methods and results for a Rohn 25G single guyed 
tower and a Rohn SSV freestanding tower. Impact 
tests were performed on each tower to determine 
the predominant modes of vibration and to compare 
the test results with various analytical methods. 


Test Description and Theory 

A technique currently being used at the Rocky 
Flats Test Center, for dynamic testing, is 
consnonly known as impact testing. The structure 
can be excited with an Impulse. This can be 
accomplished with the use of a hammer with a 
load cell attached, thereby exciting the struc- 
ture with a known input, as shown in Figure 3. 



Figure 3. 

Vilth the load cell, the input force can be 
accurately measured; the response of the struc- 
ture can be measured with the use of an acceler- 
ometer. Provided the Input and response signals 
are fourier transformable (Ref. 2), the frequen- 
cy response function can be computed. 

In practice, better results are obtained by 
computing frequency response functions as a 
ratio of the cross spectrum between the input 
and output, to the power spectrum of the input 
(Ref. 2). This is useful in eliminating the 
effects of noise on the input and output signal 
measurements. If the Input and output noise is 
noncoherent, the effects on the cross spectrum. 
Involving the noise, will yield zero. 

Test Specimens and Test Results 
A Rohn 25G Single Guyed Tower 

Figure 4 shows a Rohn 256 40-ft guyed tower. 

The tower has constant mass and stiffness 
distributions as given in Table IV. The tower 
stiffness distribution was determined by first 
finding the moment of Inertia of a tower cross 
section about the centroid, as shown in Fig- 
ure 5. Because the distance between the tower 
legs remains constant, for various heights, the 
moment of inertia and thus the stiffness distri- 
bution remains constant. The mass distribution 
also Is constant, since the weight and length of 
each tower section Is the same. The effects of 
the cross braces have been neglected In the 
stiffness determination, but have been included 
In the mass distribution. 
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Figure 4. 

TABLE IV: ROHM 25G PARAMETERS 

Tower Height ID 40.0 ft 

Stiffness Distribution (El) 3.14 x 10^ Ib-ft^ 


Mass Distribution (pA) 

Tower Top Mass (M) 

Guy Wire Attachment Level 

Guy Wire Cross Sectional 
Area (A') 

Guy Wire Elastic Modulus 

Guy Wire Length ( £) 

Guy Wire Stiffness 
Coefficient (Kc) 


0.124 Ib-sVft^ 
10.87 Ib-sVft^ 
(a) 35.0 ft 

0.00015 ft^ 

(£') 2.88 X 10^ Ib/ft^ 
48.45 ft 

6365.76 Ib/ft 



Figure 5. 


The Rohn 25G was tested without a machine on 
top, but with the addition of 380 lb on the 
tower top. Table V shows the test results, 
using the impact testing methods. In this case, 
the three guy wires were tensioned sufficiently 
so that each had nearly the same fundamental 
frequency. As can be seen from Table V, the guy 
fundamental frequency was well separated from 
the tower first bending frequency, so that 
resonance between the guy wires and tower was 
not a problem (Ref. 1). 

As will be shown in the next section, the simple 
methods can be used to get good estimates for 
the first bending frequencies for this tower. 

TABLE V: ROHN 25G TEST RESULTS 


First Mode Bending 2.6 Hz 
First Mode Torsional 5.7 Hz 
Second Mode Bending 7.8 Hz 
Guy Wire Fundamental 6.9 Hz 


A Rohn SSV Freestanding Tower 

Figure 6 shows a 60-ft Rohn SSV freestanding 
tower. Unlike the Rohn 25G, the distance 
between tower legs decreases with increasing 
tower height. The stiffness distribution thus 
decreases from base to height. Figure 6 shows a 
plot of the mass and stiffness distribution for 
this tower. The mass distribution is nearly 
uniform, but the stiffness distribution tapers 
to 0.023 of the value at the tower base. 

The Rohn SSV was tested without a machine on top 
but with a top plate of approximately 30 lb. As 
will be shown in the next section, accurate 
estimation of the first and second bending 
frequencies for this tower is difficult, using 



Figure 6. 
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the simple methods, because of the large stiff- 
ness taper. Also, the effects of the cross- 
menders were neglected in the imjment of inertia 
calculations, which poses further difficulties. 
Table VI shows the test results for the first two 
bending frequencies. 

TABLE VI; ROHM SSV TEST RESULTS 

First Mode Bending 3.3 Hz 

Second Mode Bending 12.7 Hz 

COMPARISONS OF ANALYTICAL RESULTS TO TEST RESULTS 

In this section the results from the simple anal- 
ysis methods and results from complex methods 
such as SAPIV (Ref. 5) will be compared to test 
results for the two towers presented in the 
previous section. A recommendatidn of the use 
and accuracy of the simple methods will be made. 

Rohn 25G Results Summary 

Table VII shows the results for the Rohn 25G. 

The simple two-mode Rayleigh Ritz method, a hand 
method, gives fair results for the first frequen- 
cy (px), but poor results for the second fre- 
quency (p2)- The utility of this method is 
that it can be used to obtain a rough estimate, 
by hand calculations, for the first bending 
frequency of guyed or freestanding towers. This 
method gives less accurate results for towers 
with large stiffness tapers, however. 

TABLE VII: ROHN 25G RESULTS SUMMARY 


Method 

Pi 

Error 

P2 

Error 

Test 

2.6 

0.0% 

7.8 

0% 

R-R-2 Mode 

2.8 

7.7% 

9.0 

16% 

Program TUSF 

2.6 

0.0% 

11.2 

44% 

R-R-4 Mode 

2.6 

0.0% 

8.6 

10% 

MITGUY 

2.6 

0.0% 

8.6 

10% 


Program TUSF, a hand calculator code, gives much 
more accurate results for the first mode. This 
code can also be used to determine the first 
bending frequency of towers with nonlinear mass 
and stiffness distributions, without use of a 
large computer. 

The Rayleigh Ritz four -mode procedure, a small 
computer code developed at Rocky Flats, gives 
excellent results for the first mode and fair 
results for the second mode, while Program MITGUY 
(Ref. 4)j a program utilizing matrix iteration 
methods, gives abo\u the same results (to one 
decimal place). 

The 10 percent inaccuracy in the second mode 
results is thought to be caused because of 
neglect of the cross-members in determination of 
the tower bending stiffness. This difficulty 
will be emphasized in the comparison of results 
for the Rohn SSV, to be shown next, in which use 
of the complex code SAPIV, which nK)deVs the tower 
cross-members, is necessary. 


Rohn SSV Results Summary 

Table VIII shows the results for the Rohn SSV 
tower. The analysis of the Rohn SSV with the 
simple hand methods of the Rayleigh l^thod and 
Two-Mode Rayleigh Ritz Method is difficult, 
because the stiffness and mass distributions are 
nonlinear. For these analyses, the mass 
distribution was assumed constant, with a value 
equal to the base value. The stiffness 
distribution was approximated as linear, with a 
value of the taper rate 3 equal to 0.98. The 
resulting frequency estimates are too high, 
because the actual stiffness of the tower is 
less than what is given by this straight line 
approximation. 


TABLE VIII: ROHM SSV RESULTS SU^^iARY 


Method 

Pi 

Error 

P2 

1 Error 

Test 

3.3 

0% 

12.7 

0% 

Rayleigh 

3,8 

19% 

— 

— 

R-R-2 Mode 

3.6 

12% 

22.3 

76% 

Program TUSF 

3.5 

9% 

16.3 

28% 

R-R-4 Mode 

3.4 

6% 

15.5 

22% 

MITGUY 

3.4 

6% 

14.8 

17% 

SAPIV 

3.1 

3% ' 

13,0 1 

2.4% 


For towers with nonlinear mass and stiffness 
distributions, the program TUSF and the four- 
mode Rayleigh Ritz procedure can be used to find 
more accurate values of the first bending fre- 
quencies. The tower can be divided into N 
sections and constant values of mass and stiff- 
ness input along each segment. It was found 
that about 20 segments were needed in order to 
model the large stiffness taper correctly. 

From Table VIII it can be seen that the second 
bending frequency results from: 1) the simple 
methods, and 2) the program MITGUY are in error 
by more than 17%. For this reason, the complex 
code SAPIV (Ref. 5) was used to model this 
tower, taking into account the effects of each 
cross-member. The improvement in the second 
bending frequency is very evident. 

In the simple methods, as well as MITGUY, this 
tower was modeled as a beam, neglecting the 
effects of the cross-members in the bending 
stiffness. The cross-section moment of inertia 
was calculated, by taking into account the three 
legs only, as shown in Figure £. The actual 
stiffness distribution of this tower is more 
complicated than this approximation because of 
the cross-members. 

In the simple methods section it was shown that 
they give less accurate results for a beam with 
large stiffness tapers. For this truss-type of 
tower, this error is increased because the 
actual tower stiffness is more complicated than 
that of a beam in which the cross-members have 
been neglected. 
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CONCLUSION AND RECOMMENDATIONS 

The simple methods can be used to determine good 
estimates of the first bending frequencies and 
rough estimates of the second frequencies of 
towers with uniform mass and stiffness distribu- 
tions. Guyed towers can also be analyzed, using 
these methods, if the guy wire fundamental fre- 
quency is well separated from the tower first 
bending frequency so that guy wire-tower Inter- 
action will not occur. 

For towers with high stiffness tapers, or stiff- 
ness distributions which are hard to determine 
accurately, more complex codes such as SAPIV may 
be needed, especially for accurate determination 
of the second and higher bending frequency. 

REFERENCES 

1. Butterfield, C. P., Pykkonen, K. R., and 
Sexton, J. H., Effects of Guy Nlres on SWECS 
Tower Dynamics , Rockwell Internatlonar, ~ 
Rocky Flats, Technical Memorandum, July, 
1980. 

2. Halverson, W. G. and Brown, D. L., "Impulse 

Techniques for Structural Frequency Response 
Testing," Sound and Vibration, Novenfcer, 
1977, pp. 8^21. ■■ ■■“ ^ 

3. Melrovitch, L., Elements of Vibration Anal- 
ysis, New York, McGraw-Hni Book Company, 
WS". 

4. Miller, R. H., et. al, Wind Energy Conver- 
slon, Massachusetts Insti tute of Technology , 
A§m:-TR-184-7, Vol. 1. 

5. SAP-IV, "A Structural Analysis Program for 
Static and Dynamic Response of Linear Sys- 
tems," University of Southern California, 
Department of Civil Engineering. 

6. Thresher, R. W. and Smith, C. E., "Free 
Vibration Approximations of Horizontal Axis 
Wind Turbines," Oregon State University, 
Deparlmient of Mechanical Engineering, 

7. Thresher, R, W. , "Inertia and Stiffness 
Coefficients of Wind Turbines," and "Natural 
Frequencies of Wind Turbine Systems," Oregon 
State Ifniverslty, Department of Mechanical 
Engineering. 


f(d : U(1^)/Uq 

h(C) : pA(LE)/pAo 

Kc : Guy wire stiffness coefficient. 

Kc : Dimensionless form of Kc: 

3 

kc = KcL 

nr 

L : Tower height. 

X : Guy cable length, 

M : Lumped mass at tower top. 

p : Bending frequency (rad/sec) or 

(Hz). 

t : Time (sec.). 

v(x,t): Tower deflection. 

W : Dimensionless frequency. 

A^ : Coefficients in approximate 

mode shape. 

: Functions for approximating 

mode shapes. 

g : Rate of decrease of linear 

stiffness. 

Y : Rate of decrease of linear mass 

distribution. 

C : X/L. 

0 : Angle guy cable makes with 

ground. 

p : Tip mass ratio: M/pAqL. 

pA(x): Mass distribution of tower at 

section X. 

pAq : Mass distribution of tower at 

tower base. 

^(x) ; Tower mode shape. 


8. Wright, A. D., et. al, "Vibration Modes of 
Centrifugal ly-StIffened Beams," Journal of 
Applied Mechanics (to appear), 

NOMENCLATURE 

a : Guy wire attachment level, 

A' : Guy cable cross-sectional area. 

E‘ : Guy cable elastic modulus. 

EI(x): Tower stiffness at station x. 

EIq : Tower stiffness at the base. 
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QUESTIONS AND ANSWERS 


From 

Qs 

A; 


Prom 

Q: 

At 


AoD* Wright 


G. Beaulieu 

1) Don't you believe that direct solution of 4th order differential equation 
would give more accurate mode shape and frequencies? 

2) Did you take into account the rotary inertia of the rather large top mass? 

1) The direct solution of the beam governing equation would probably give more 
accurate results. The main emphasis of this paper^ however^ has been the 
use of some simple methods^ such as the Payleigh-Ritz method as a hand 
calculator code^ such as program TUSF. 

2) For the two towers presented in the paper^ a Rohr 55V and a Rohr 25G^ the 
rotary inertia effects were neglected in the analysis results. These effects 
could be easily taken into account^ in the simple methods^ by adding the 
appropriate term to the kinetic energy. 

P.W. Perkins 

How do you determine a priori the location of nodes for higher mode analysis using 
Rayleigh's method? 

For towers with complex mass and stiffness distributions ^ the precise mode shape ^ 
a priori i is difficult if not impossible to determine. The nodal points are there- 
fore unknown. In the Rayleigh or Rayleigh Ritz procedure we choose a shape which 
we hope approximates the true mode shape. If the resulting frequency estimate ^ 
using this assumed shape^ is inaccurate compared to test results^ a better mode 
shape approximation is needed. 
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GUY CABLE DESIGN AND DAMPING FOR VERTICAL AXIS WIHD TURBINES 


Thomas G. Game 
Sandia National Laboratories 
Division 5523 

Albuquerque y New Mexico 87185 
ABSTRACT 

Guy cables are frequently used to support vertical axis wind turbines since 
guying the turbine reduces some of the structural requirements on the tower* 

The guys must be designed to provide both the required strength and the required 
stiffness at the top of the turbine* The axial load which the guys apply to the 
tower, bearings, and foundations is an undesirable consequence of using guys to 
support the turbine* Limiting the axial load so that it does not significantly 
affect the cost of the turbine is an important objective of the cable design* 

The lateral vibrations of the cables is another feature of the cable design 
which needs to be considered. These aspects of the cable design are discussed 
in this paper, and a technique for damping cable vibrations is mathematically 
analyzed and demonstrated with experimental data. 

INTRODUCTION DESIGN GUIDELINES 


Most vertical axis wind turbines use 
guy cable to support the top of a 
single, fully rotating central tower. 
Other designs, such a cantilevered 
tower or two concentric towers (one 
stationary to react cable loads) have 
been found to be, generally, less cost 
effective. The guy cables serve two 
primary functions while supporting the 
turbine* They provide the strength 
necessary to hold the turbine during 
hurricane winds, and they provide the 
stiffness at the top of the rotor. The 
strength and stiffness requirements are 
not competing design objectives, 
however, one or the other may "drive” 
the various parameters involved in the 
cable design. 

There are two important consequences of 
using guy cables to support the rotor. 
First, since guys have an initial 
tension, the vertical component of the 
tension is reacted through the tower, 
the foundation and, in this case, the 
bearings. This axial load imposed by 
the guys impacts the cost of these 
components. The second consequence of 
the guy support is lateral vibrations 
of the cables. Cable vibration will be 
excited by the motion of the top of the 
turbine while it is operating. There 
is always excitation to the cables as 
long as the turbine is operating in 
wind. If the excitation frequency is 
near one of the cable natural 
frequencies, then the amplitude of 
vibration can be quite large. Large 
amplitude cable vibrations need to be 
avoided in order to reduce fatigue in 
the cables and their terminations and 
also to maintain a reasonable 
blade/cable clearance distance. Other 
aspects of the cable design, which 
include the cable sag, the required 
blade/cable clearance distance, thermal 
expansion effects, and cable anchors, 
are discussed in some detail in Ref- 
1-5. 


There are a number of cable parameters 
which have to be chosen in order to 
establish the design for the guys. 

These parameters are the 
cross-sectional area of a cable, the 
number of cables, the length of the 
cables, the pretension of the cables, 
the cable elevation angle, and the 
cable material (density and modulus) . 
All of these parameters affect the two 
key design requirements on the guys, 
their support strength and the 
stiffness they create at the top of the 
turbine [Ref* 3]* These cable 
parameters also affect the consequences 
of the cable design which include 
lateral cable vibrations, cable sag, 
and the resulting axial load on the 
turbine due to the tension in the guys 
[Ref. 3]. 

The strength requirement on the guys is 
the easiest to specify. The 
cross-sectional area of the cables must 
be sufficiently large to support the 
turbine during parked survival in 
hurricane winds without the tension in 
the cables exceeding their ultimate 
strength divided by a factor of 
safety. A factor of safety of at least 
three is .recommended for cables with an 
expected life of thirty years. This 
factor of safety is not conservative 
when compared to other cable 
applications and should be increased if 
the turbine will be placed in an 
environment which is particularly harsh 
for corrosion. The tension in cables 
during the parked survival condition 
will be the initial tension plus the 
increase (or decrease) due to the wind 
drag on the turbine* Thus the value of 
the initial tension will affect the 
cable tension during parked survival 
unless the initial tension is 
sufficiently low that the downwind 
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cable goes slack during the hurricane 
winds. 

The stiffness requirement for the guys 
is impossible to generalize for all 
turbine designs. The required 
stiffness will have to be chosen 
interactively with the rest of the 
turbine design. This is due to the 
fact that the stiffness at the top of 
the turbine affects the frequencies of 
the natural modes of vibration. 

However r these frequencies are also 
controlled by the whole turbine 
structure especially the blades and the 
tower. Consequently r depending on the 
desirable values for these modal 
frequencies, the operational frequency 
of the turbine, and the structural 
properties of the turbine, the guy 
cable stiffness will have to be chosen 
accordingly. 

Figure 1 shows the variation in the 
modal frequencies with the guy 
stiffness for the 17 -Meter Low Cost 
Turbine. Examining this figure, one 
can see that some of the modes are 
quite sensitive to the guy stiffness. 
Further, we can see that, in order to 
keep the modal frequencies away from 
the excitation frequencies, the guy 
stiffness is forced to be greater than 
three k. 


Another consideration for choosing the 
cable stiffness is the allowable angle 
change for the bearings at the bottom 
of the rotor . If the bearing can only 
allow a small angle change of the 
rotor, then the cable stiffness will 
have to be sufficiently high to 
restrain the rotor from leaning. 
However, if a universal joint is used 
to protect the bearing of some more 
tolerant bearing design is used, then 
this constraint on the stiffness will 
not apply. 

The frequencies of lateral vibrations 
of the guy cables are a consequence of 
the guy design, and they can place a 
constraint on the design. The natural 
frequencies of vibration of the cables 
are fji - n(T/pA)V2L [Ref. 3] where n 
is the mode number, L is the cable 
length, T is the guy tension, A is the 
cable cross-sectional area, and p is 
the mass density. In many designs 
these parameters cannot be chosen so 
that the first cable frequency is above 
the excitation frequency of 2.0/rev 
(for a two bladed turbine) since that 
would force the tension to be larger 
than would otherwise be desirable. 
Further, since the tension in the 
cables vary with the wind velocity and 
temperature, it may not be possible to 
completely avoid all cable resonances 



Fi6ure 1 - Modal Frequencies Versus Cable Stiffness 
K - WQ LBS/lN, speed = ^8.1 RPM 
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in any case. The cable vibration 
problem is discussed in the last 
section of this paper and a technique 
for restraining the vibrations is 
analyzed and demonstrated. 

The sag of the guy cables is another 
consequence of the guy design, and it 
must be evaluated and compared with the 
blades/cable clearance distance. If 
the sag is too large for available 
clearance, then the cable design will 
have to be changed. More discussion of 
the clearance requirements can be found 
in Ref. 3. 

The axial load which is applied to the 
turbine by the guys can be the most 
serious consequence of the guy design. 
Reducing the axial load within the 
constraints of the design will reduce 
the cost of the turbine. Nellums in 
Ref. 6 has shown that reductions in the 
costs of the bearings and tower result 
from reducing the cable imposed axial 
load for a 150 foot tall turbine. 
Foundation costs would also be reduced. 

The axial load is simply the total of 
the guy tensions times the sine of the 
cable elevation angle at the top of the 
turbine. Reducing either the tension 
or the elevation angle will reduce the 
axial load. However, both of these 
changes also decrease the guy 
stiffness, so the required stiffness 
will restrict the design choices. It 
can be shown that to obtain a minimum 
axial load, for a given stiffness, the 
elevation angle should be 35,3 degrees. 

The axial load on the turbine will 
change as the guy tensions change, so 
during the hurricane survival the axial 
load may increase. Depending on the 
tower and bearings designs, an increase 
in the axial load during the parked 
survival condition may or may not 
affect the cost of these components. 

In view of the requirements and 
consequences of the cable design, it is 
clear that the design process must be 
iterative and interactive with the 
total turbine design. The starting 
point for the cable design must be the 
Strength requirement. Then, using an 
elevation angle of thirty-five degrees, 
determine a tension and an area for the 
stiffness requirement. This new area 
and tension will then be factored back 
into the strength requirment, and then 
the stiffness reevaluated, and during 
this design iteration the axial load, 
cable sag, and cable natural 
frequencies need to be computed and 
evaluated for acceptability. 

CABLE VIBRATIONS 

If the design of the guys results in 
the first cable frequency being less 


than n per rev where n is the number of 
blades, then lateral vibrations of the 
cables can result. Excessive cable 
vibration could cause a blade strike or 
fatigue the cable terminations or 
anchors. Excitation of the cables 
always exists since the top of the 
rotor moves while it is operating, and 
the cables have exceptionally low 
inherent damping (less than 0.2 percent 
of critical) , so very high resonant 
responses can result. Experience has 
shown that if the first cable frequency 
is above the primary excitation 
frequency, n per rev, then there is no 
problem with cable vibrations. 

However, keeping cable frequencies that 
high can be costly, particularly for 
large turbines. 

There are two direct solutions to 
alleviate the cable vibration problem. 
One is to constrain the cable so that 
the cable modes are shifted to a higher 
frequency. This can be done by forcing 
one or more nodal points along the span 
of the cable. The other solution would 
be to add damping to the cable so that 
resonant responses, when they occur, 
would be limited in magnitude. 

The rest of this paper will discuss a 
cable damping system which was 
developed for this purpose. 

The concept for the dampers utilizes 
Coulomb friction to dissipate the 
energy. It is simply a pair of weights 
which are suspended from the cable 
and slide on two inclined surfaces 
whenever the cable moves. The two 
surfaces are at right angles to each 
other and at right angles to the cable, 
thus they can damp the motion of any 
lateral cable vibration. The dampers 
can be placed near the anchors so that 
they are out-of-the-way. They can be 
built inexpensively and require no 
power to operate them. They could be 
designed to require very little 
maintenance and be very reliable. 

Figure 2 shows a diagram of the damping 
concept with just one friction surface 
shown, omitting the other for clarity 
purposes. 
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and 



Figure 3 - Diagram of Cable with Damper 


t) - t)l = CqU(S,^, t),(5) 


where Cp is the viscous damping 
coefficient- If we take Z 2 to be 
much less than Zir then v” can be 
approximated by zero? and the coupled 
differential equations can be reduced 
to one differential equation with an 
inhomogeneous boundary condition. 

Using separation of variables and 
assuming sinusoidal motion in the 
standard way leads to a transcendental 
equation for the eigenfrequencies , 
except in this case, the frequencies 
are complex because of the damping. 


Z 

1 + i c tanB + 1=0 

^2 ^ 


where 


g - 




(6) 


In order to determine the size, 
weights, and spacing of this damping 
concept, an analysis for the damping 
was performed and is described very 
briefly below. Figure 3 shows a 
diagram of the physical system that 
will be anaylzed with the indicated 
notation. We will consider motion in 
only one plane since the out-of -plane 
motion is uncoupled. Our Interest is 
the modal damping in the cable, so we 
can consider the homogeneous 
differential equation and boundary 
conditions. 

pii(x, t) - T u" (x, t) = 0 

( 1 ) 

for 0 < X < Z^_ and 


c 




and w is the natural frequency of 
vibration. Equation (6) can be solved 
approximately for the damping 
coefficient in the first mode, and we 
find 

c = IT c 

1 + 7T^ A^ 


(7) 


where 


A - Z^/h . 

Equation (7) reveals some reassuring 
behavior. When c is zero or when c is 
infinity, the damping coefficient is 
zero as one would expect physically. 
Consequently ^ is a maximum at some 
intermediate value of c. This is 
easily co^iputed and 

^max = at c = l/1rX (8) 


pv(x, t) - T v”{x, t) - 0 

( 2 ) 

for Z < X < L , 


where P is the mass per unit length, T 
is the tension, u and v are the 
displacments , and the dots represent 
differentiation with respect to time 
and the primes with respect to x. The 
boundary conditions and continuity 
conditions are 


Figure 4 shows a series of plots of the 
damping coefficient ^ as a function of 
c for various values of A , One can see 
the maxima of r shift as A is 
increased. Also note that the curves 
become steeper near the maximum ^ with 
increasing A * 


u(0, t) = v(L, t) = 0 , (3) 

t) = v{Z^, t) , (4) 
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Figure ^ - The Variation in Damping Factor with 
Viscous Damping Coefficient 


The magnitude of the damping 
coefficient that can be obtained with 
this system appears quite attractive. 
With the damping system connected to 
the cable one- tenth of the distance 
along the cable (X = 0.1), damping 
values as high as five percent of 
critical can be obtained. Even if only 
two percent damping were achieved, this 
still represents an increase by a 
factor of ten over the damping 
inherently in the cables. 

The analysis of the cable damping was 
performed assuming viscous damping, but 
the actual damping mechanism is Coulomb 
friction. By equating the energy 
dissipated in one cycle of the viscous 
damper to that of the friction damper, 
a relationship between the viscous 
coefficient and friction coefficient 
can be obtained. The energy dissipated 
in one cycle is 

^ 2ir/a) 

Uq = / Fq • u dt 

•'o 

where Fp is the damping force. 
Evaluating Uq for both the viscous 
damping and the friction damping and 
equating the results, we find that the 
sliding weight W which must be 
suspended by the cable for the same 
energy dissipation is 


C TT 0) U(X ) 

o o 

4 \i cos Y 


(9) 


where y is the friction coef f icient, Y.„. 
is the elevation angle of the friction 
surface, and uIxq) is the 
displaceraent of the cable at the 
attachment point. Equation (9) reveals 
the basic nonlinearity of friction 
damping as opposed to viscous damping; 
the weight required for equivalent 
damping is proportional to the 
displacement u(Xo). Thus, the 
equivalent c© goes down with 
increasing amplitude and goes up with 
decreasing amplitude. Consequently, an 
anticipated displacement u(Xq) must 
be known before an equivalent weight W 
can be calculated. This nonlinearity 
also reveals itself when the cable 
motion is small, then the equivalent 
Cq is large, and the damper creates a 
large force relative to the elastic 
force at the connection. This force 
just drives a node point and the energy 
dissipation goes to zero. 

This damping scheme was tested on the 
17-Meter Research Turbine at Sandia 
National Laboratories in order to 
determine the effect of the damping on 
the cable vibrations. A single pair of 
friction dampers at right angles were 
connected to just one of the four guy 
cables four meters from the cable end 
(A = 0.1). A pair of 18 kg weights 
were used as the sliding elements. The 
surfaces were inclined at thirty-five 
degree from the horizontal and had a 
friction coefficient U == 0,20. The 
size, mass, and location of these 
dampers were quite reasonable and 
should have yielded between two to five 
percent damping depending on the 
amplitude of the cable motion. 


Acceleration measurements were taken on 
the cable in the horizontal and 
vertical directions while the turbine 
was operating in a variety of wind speeds. 
The acceleration data was analyzed 
using the Method of Bins [Ref. 7] so 
that the rms acceleration amplitude 
could be plotted as a function of wind 
speed. One would expect the cable 
vibrations to increase with wind speed 
since the excitation increases. 
Measurements were taken with and 
without the damping system connected 
and at three different cable tensions, 
ti, T 2 , and T 3 . 

The highest tension, = 80 kN, 
caused the first cable frequency to be 
about twenty percent higher than two 
per rev; the second tension, T 2 - 54 
kN, produced a cable frequency very 
near two per rev; and the third 
tension, T 3 = 27 kN, created a cable 
frequency at about seventy percent of 
two per rev. The Bins data for the 
horizontal and vertical accelerations 
with the three tensions are shown in 
Figures 5-14. The first five figures 
are the horizontal acceleration plotss 
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Tension 1 without damping ^ Tension 2 
without damping/ Tension 2 with 
damping/ Tension 3 without damping/ and 
Tension 3 with damping. The last five 
figures are the vertical acceleration 
plots in that same order. Note the 
tremendous difference in the 
acceleration levels between Figs, 5 and 
6/ and then adding the damper in Fig, 7 
brings the acceleration levels back 
down to the levels of Fig, 5, Figs, 8 
and 9 are the undamped and damped cases 
for tension T 3 , There is hardly any 
difference between the plots. This is 
the expected result since this case is 
not a resonant response/ but merely a 
forced response/ and damping does very 
little unless a resonance exists. Figs 
10 “14 show the same data but for the 
vertical direction. The same trends 
are exhibited in these figures. 



Figure 5 - Cable Horizontal Acceleration Versus 
Wind Speed for Tension Undamped 


m 



Figure 6 - Cable Horizontal Acceleration 

Versus Wind Speed for Tension 2. Undamped 



Figure 7 - Cable Horizontal Acceleration Versus 
Wind Speed for Tension 2 , Damped 
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12 - Cable Vertical Acceleration versus 
Wind Speed for Tension 2j Damped 



Wind Speed (km/ hr) 

Figure 13 ' Cable Vertical Acceleration Versus 
Wind Speed for Tension 3j Undamped 



Wind Speed (km/ hr) 


Figure 14 - Cable Vertical Acceleration Versus 
Wind Speed for Tension 3, Damped 


CONCLUSIONS 

The design of the guy cables is not a 
straightforward process. It must be 
iterative since there are multiple 
requirements and constraints, and it 
must be interactive with the rest of 
the structural design since the cable 
stiffness affects the modal frequencies. 

The cable damping concept demonstrated 
here appears to work quite well in 
reducing resonant vibrations of the 
cables. The system appears simple to 
design and install. Consequently, this 
system or something similar can be used 
to eliminate the constraint of cable 
vibrations on the design of the guys. 
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QUESTIONS AND ANSWERS 
T,G. Came 


D»J« Malcolm 

Why the odd effect of cable stiffness on first Butterfly frequency (first decrease, 
then increase) ? 

There are actually two Butterfly modal frequencies , One is positive and one is 
negative , We have only shown the positive half of the frequency plane because 
the negative half is a mirror image. The cable stiffness for which the Butterfly 
mode has a zero frequency is the point where the frequencies are changing their 
signs. This feature is due to the fact that we are observing the modes in the 
rotating frame and is caused by the centrifugal softening and the coriollis effects, 

M.S. Chappell 

Will the dampers change characteristics with time, wear, weather conditions? 

We have seen the coefficient of friction change by ±50% for extreme weather condi- 
tions ^ but that magnitude of change does not alter the modal damping very much. 

Anonymous 

What is the maximiim damping coefficient that you have measured experimentally? How 
do you include the effect of the weight (mass, used for friction) in your model? 

We have measured a five percent damping coefficient with the damping 4m from the 
end of a 40m cable. The mass can be included in the force equilibrium condition 
at the connection point, 

; G.R. Frederick 

1) Is cable stiffness due to cable only or some combination of cable and soil 
anchor stiffness? 

2) What is the factor of safety against cable breakage? 

3) What cable pretension to you use? Why cables instead of rods? 

]) It is due only to the cable,, but both the elastic deformation and changing the 
sag (see Ref, 3), 

2) One should use at least a factor of safety of three on the highest tensions 

imposed on the cables ^ more if the turbine is in a corrosive environment , 

3) The pretension is one of the cable parameters which must be determined from 

the stiffness requirement^ and considerations of the axial load.^ sag^ and 
cable frequencies , Cables have a high breaking strength and are much easier 
to work with, 

: Anonymous 

How do you include time related (creep) changes in cable tension? 

By occasionally checking the tension in the cables and increasing it^ if necessary y 
however y we have seen very little y if any y creep in the cables after installation. 
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NORTH MIND 4KW ^PASSIVE ^ CONTROL SYSTEM DESIGN 


Hush Carr in 
foehn consultins 
Boh 5123 

KlaMth Fallsr OR 9760 1 

An dvervie(«i of a meohanical rotor control desian is pres ented> Operation at constant 
RPM and rapid response are obtained by us ins blade pitch moments for both sens ins 
control need and blade pitch actuation. The basic concept? static or equilibrium 
desisn? and dynamic analysis are briefly presented* 


INTROOUCTION 

The control system described here is part of a 
SMECS desian done for North Mind fouer Co. under 
a RocHwell/DOE contract. The machine? as now 
confiaured is a 10 meter t down windt HAWT rated 
at 6KM @ 8m/ s. It is a line interface unit us ins 
a direct drive s/ncronous alternator. The rotor 
is a two b laded? teeter ins system with delta 
three and uses solid laminated wood blades. The 
system is free yawins on a suyed wooden Pole tower. 

The rotor control is an all mechanical system 
which responds to blade aerodynamic loads and 
RPM. Power and load control is accomplished 
throush blade pitch ins in the direction of 
feather with shut down beins full feather. 

Start ins comes from an inboard blade twist. 

CONCEPT 

The control system concept is to chanse blade 
pitch ansle in response to blade pitch moment. 

The blades are then sensors transmit! ins control 
information? and also supply ins control actuation 
force? via blade pitch moment. Pitch moment? 
throush placement of the pitch aais? is made 
sensitive to aerodynamic and centrifuaal forces. 
This control can thus be used with a rotor 
operatins at constant? synchronous ? RPM while 
still providins protection asainst overs peed 
conditions. 

Flaure 1 shows the pitch axis placement at one 
radial station. Aerodynamic Lift? the 
predominant blade force? will create a Pitchins 
moment throush offset Xa. Equilibrium is 
obtained by applyins the control moment Mo. For 
a siven wind speed there is one equilibrium pitch 
ansle 6. For example? assume 8 is increased from 
an equilibrium position? then the airfoil ansle 
of attacK will decrease? reducins the coefficient 
of lift and thus Lift force. The aerodynamic 
moment is now less than the control moment which 
eotuates a blade pitch? decreasins 8? until 
equilibrium is asain reached. This aerodynamic 
restorins force maintains equilibrium. 

For constant RPH operation a chanse in wind 
speed will move the system to a new equilibrium 
Pitch ansle. The predominant effect of an 
increase in wind speed is an increase in ansle of 
attach which increases the lift coefficient and 
Lift farce. This difference between aerodynamic 
and control moments will tend to increase the 
Pitch ansle until a new equilibrium point is 
reached. 

The control moment Me is a function of pitch 
ansle and will determine the equilibrium pitch 


ansle at each wind speed. The rotor power 
output? beins dependant on wind speed and pitch 
ansle? is determined by this Me function. 

Fisure 1 also shows the blade center of sravity 
offset from the rotor axis. This aives a 
positive (+0) Pitchins moment due to rotor 
ansular velocity which results in sensitivity to 
rotor overspeed. 

STATIC DESIGN 

Static Desisn of this control system involves a 
trade-off between rotor seometry? control moment 
characteristics? desired power curve? and 
resultins unloaded equilibrium overspeed. Flaure 
2 represents the final aeometric layout of the 
rotor. 

To evaluate this analytically a Blade Element 
Theory for aerodynamic forces (ref 1) is combined 
with a simple risid body model for rotational 
effects. A plot for constant rotor RPM is siven 
in Fisure 3, Here the Pitch moment? Or 
equilibrium control moment? is siven as a 
function of pitch ansle for constant wind speeds 
and rotor power outputs. Fisure 4 presents the 
same tree of plot for zero power output? 
re present ins the unloaded control response. 

Equilibrium performance is determined by these 
Plots. Hith control moment siven as a function 
of Pitch ansle the resultins power? unloaded RPH? 
and blade pitch are defined as functions of wind 
speed. Assumed control moment curves are 
presented in Fisures 3 and 4 as dotted lines. 

Trade-offs to obtain desireable static 
performance characteristics involve adjust ina 
rotor aeometry? control moment function? and 
associated structure. Since these involve 
constraints such as manufacturability and 
conceptual desisn they don't lead to explicit 
evaluation. 

AEROELASTIC 

The torsional stiffness of this blade-hub 
system Is inherently very low be ina predominantly 
from the aerodynamic res tor ina force mentioned 
earlier. Because of this the rotor is susceptable 
to aeroelastic Instabilities. 

Modes which involve in-plane motions shouldn't 
be excited due to the hi ah natural frequencies in 
this dearee of freedom. Followina this 
reasonina? problems of around resonance and whirl 
modes aren't anticipated. A teeterina system 
with free yaw is not prone to these problems 
(ref 2). 
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This iaaves pitch/flap instabilities which are 
of concern. By stud/ins the rotor laode shapes 
and notins Pitch deflections are concentrated at 
the Pitch EKis a sinsle blade analysis can be 
Justified. 


A pitch/flap instability was predioted in each 
case. An atteiapt has been ^ade to understand the 
parameters involved with this instability and 
eliminate it. !n doins so some understandins of 
the system and the models used has been sained. 


Out-of-Plane vibration modes can be classified 
into two sroups as either involvina or not 
involvina teeter. Fisure 5 shows the first four 
out-of-plane mode shapes for a teeterina rotor. 
The first and third i5a» 5c) involve a teeterina 
motion with the flap deflections of each blade 
oppoOltte. Conversely* the second and third (5b* 
5d) involve no teeterina deflection and have 
Identical flap deflections. Control pitch 
deflections* due to mechanical re<iuireMents of 
the Pitch linKaae* chanae the pitch anales of 
each blade by the same amount. 

Pitch/flap instabilities involve an 
aerodynaMic couplina of the above control pitch 
and out-of-plane deflections. The above then 
would re<iuire instabilities Involvins teeter 
motions to have a different mode shape for each 
blade. A 180 dearee phase shift in pitch/flap 
deflections would have to occur. For this reason 
instabilities which involve a teeterina motion 
are not anticipated. Other pitch/flap 
instabilities which involve cantilever 
deflections are however possible. 

Note that Pitch deflections due to a delta 3 
anale* beina directly coupled to teeter motions* 
are not independent dearees of freedom. This 
delta 3 effect will further stabilize modes which 
involve teeter motions Cref 3*4). 

Three simple analytic models have been used to 
Investiaate pitch/flap aeroelasic stability. All 
involve riaid body* equivalent hinae 
representations. The first beina a “classic" 
form derived from the helicopter industry. It 
incorporates Quasi-Steady* Theodorsen* 
aerodynamics with constant chord and twist (ref 
5*S). The second uses the same formulation but 
assumes steady state aerodynamics, Fiaure 6 
shows a representation of the first two models. 
The third model uses steady state aerodynamics 
but includes several aeometric improvements over 
the first two. It includes twist and taper alona 
with hinae offsets to better approximate 
aeometric control characteristics. This model 
was derived for time domain investlaations of 
control response, Fiaure 7 represents this 
model. 


Each of these analytic models can be presented 
in matrix form ast 


± 


" 1 m..' 

e 


1+1 

Mj- Mg. 

leJ 

i 



M© 0 


The stability derivatives* here the matrix 
elements f are aiven in Table I for each of 
the theoretical models. A numerical eiaen value 
approach was used to solve the unforced equations 
for stability information. 


Various parameters were chanaed to determine 
which have a sianifioant effect on this 
instability. This resulted in three parameteTS 
beina flap natural frequenoy* 8FH* and pitch 
dampina. RFil is determined by the static desian 
and was Kept as small as reasonable. This leaves 
flap natural frequency and pitch dampins for 
adjustment, Fiaure 8 shows stability plots for 
each of the three analytical models. These are 
calculated for runnina 8FH and show flap natural 
frequency versus pitch dampina. The three aaree 
in aeneralf prediotina the instability* but 
differ quantitatively. 

The flap natural frequency can be adjusted 
but* without a chanae in blade sructure* this 
parameter can not be varied encuah to stabilize 
the system. Since pitch deflections are 
concentrated at the pitch axis dampina can be 
added. This solution was adopted althouah a 
damper* beina mechanical* can fail and allow the 
system to become unstable. A vibration shut down 
is required. For reliability* dampers are placed 
at the Pitch shaft to avoid linKaae wear and 
fatiaue. Althouah havina a minimal impact* Pitch 
dampina will slow ausi rBWPonBe» 

Some insiaht can be aained about the three 
analytical models from the stability plots in 
Fiaure 8. Note that the first two models compare 
well with the only difference due to 
aerodynamics. The similarity of these plots may 
be misleadina due to the very low torsional 
stiffness which tends to slow the motions and 
minimize the differences between steady and 
Quasi-steady aerodynamics. The steady state 
assumption is the (more conservative. The third 
model Is considerably less stable than the first 
two. The model ina differences between these are 
the control offsets* taper* twist* and sweep but 
it is not Known how much effect each has, 

DVNAHIC RESPONSE 

To assess dynamic control response the third 
model* with its fore ina function* was solved in 
the time domain, A numerical solution was used 
to analytically model several wind aust cases. 

Fiaure S shows pitch and flap response for a 
wind aust of 8 to 24 m/s in one second. This is 
felt to be an extreme aust which would be rarely 
encountered. The control system is respondina 
within 1/4 second and the areatest out-of-plane 
load* correspondina to the areatest flap 
deflection* occurs at i/2 second. This response 
is fast enouah to relieve major blade loads. The 
laraest out-of-plane load encountered is near one 
fourth the worst case load comina from hiah wind 
shut down conditions. 

The rapid response is inherent with this 
control system. Translatina blade loads into a 
control pitch involves only the pitch inertia. 
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Host control systems sense a oonditionf such as 
an RPH chanse^ Mhioh inoolues a much laraer 
inertia. Pitch dampina? added for aeroelastic 
stabilityr does slou response time but is a minor 
effect. IThe plot presented in Figure 3 includes 
this damping. 


CONCLUSIdNS 

Analysis of the control system is complex but 
results in a relatively simple mechanical system 
with control response rapid enough to relieve 
gusts. This complexity is due to the 
interdependance of rotor geometryr system loads t 
dynamic response and aeroelastic stability. 

The simple aeroelastic models used are not in 
close agreement. These simple models are 
important in SUECS design where large computer 
codes are usually not cost effective. 
Investigations to determine the critical 
parameters in these models ^ and compare results 
with test data* or the large computer codes 
<ref 7>r would be usOfuI. 
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NOMENCLATURE 


- lift curve slope 
c - chord 
Ca- coif, of lift 
d.- offset (Fia 2) 
dt- flffset (Fia 2) 

I - 

ifc- flap eoaent of inertia 
If- Pitch eoaent of inertia 
h-h/h 

Ifl- cross product of inertia 
blade eass 
local radius 
R - radius 

R,“ inner blade radius 


Pc - (S radius 
V * aust Hind velocity 
Vo- esuilibriue wind velocity 
f “ flap anale 
lock nueber 

8- Pitch anale deflection 
Go- esttilibriua pitch anale 
f - air density 

soar ter ehcrd/elas. axis 
'3^- suarter ehord/CG offset 
rotor anaular velocity 
flap natural fresuency 
Pitch natural fresuency 
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QUESTIONS AND ANSWERS 


H, Currin 


From: T.A. Egolf 

Q; How does the nonlinearity of the actual unsteady lift response to rapid high angle 
of attack variations affect the control system response? 

A: Response should he rapid enough to avoid stall with any ^*real world^* gust (an ad- 

vantage of this control } , Dynamic stalls if enaounteredj initially increasing lift 
would increase pitch response . Wihtout stalls Kd guess unsteady aero would slow 
response , 
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PASSIVE CYCLIC PITCH CONTROL FOR HORIZONTAL AXIS WIND TURBINES 


Gerald W* Bottrell 

Ventus Energy Corporation 
2442 Teasley St, 

La Crescenta, California 91214 


ABSTRACT 

A new flexible rotor concept, called 
the balanced-pitch rotor*/ is described. 
The system provides passive adjustment 
of cyclic pitch in response to unbal- 
anced pitching moments across the rotor 
disk. 

Various applications are described and 
performance predictions are made for 
wind shear and cross wind operating 
conditions. Coroparisons with the tee- 
tered hub are made and significant cost 
savings are predicted. 

INTRODUCTION 

The two-bladed rotor with teetered hub 
has received almost universal accept- 
ance as the most cost-effective con- 
figuration for multi-megawatt WECS. 
Despite this wide acceptance, the tee- 
tered hub has certain undesirable fea- 
tures which add to the cost and reduce 
reliability of the machine as a whole. 
These includes 

o Need for large tower clearances 
o Introduction of cyclic speed 
variations 

o Susceptibility to rotor damage 
during startup, shutdown, and 
survival conditions 

The balanced-pitch rotor is expected to 
provide equal performance while avoiding 
these undesirable features. Savings on 
the order of 15 to 25 percent of rotor 
cost may be realized. 

DESCRIPTION 

The aerodynamic ally-balanced cyclic- 
pitch rotor (balanced-pitch rotor) is 
analogous to the teetered hub. Its 
main function is to reduce vibratory 
loads and improve yaw performance of 
wind turbine rotors. This is accom- 
plished in the teetered hub by cyclic 
flapping in response to unbalanced 
thrust on the blades. In a similar 
manner, the balanced-pitch rotor pro- 
duces cyclic pitch changes as a result 
of unbalanced pitching moments across 
the rotor disk. 

The simplest balanced-pitch rotor con- 
figuration is shown in Figure 1. This 
is a two-bladed rotor with fixed col- 
lective pitch. The two blade root 
fittings are rigidly coupled together 
to form a single pitch shaft. This 

*Patent Pending 


shaft is mounted in bearings so that the 
pitch axis of the two blades is free to 
rock back and forth. Blade airfoil and 
geometry are selected so that the blades 
pitch away from an increased angle of 
attack. 

Also shown is an arm and bracket assem- 
bly rigidly fastened at right angles to 
the pitch shaft. This assembly pouples 
the pitch axis to the rotor hub through 
the pair of springs shown, or through 
cushioned stops or dampers. 



Figure 1 - Balanced-pitch rotor having 
two blades and fixed 
collective pitch, 

WIND SHEAR EFFECTS 

The schematic diagram. Figure 2, repre- 
sents a conventional two-bladed rotor 
with rigid hub in the presence of wind 
shear. The rotor experiences high cyclic 
flapping, pitching, and yaw moments which 
have a large adverse effect on the cost 
and performance of horizontal axis wind 
turbines . 
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hub subject to wind shear 


Figure 3 depicts the same wind shear 
conditions utilizing a balanced-pitch 
rotor. Areas of unequal wind velocity 
are seen to alter the pitch axis (not 
the fixed collective pitch) as the 
blades pass through. The result is a 
significant reduction or elimination of 
the cyclic loads and unstable yaw per- 
formance experienced by the conventional 
rotor with rigid hub. Tower shadow af- 
fects are expected to be compensated in 
a similar manner. This action also is 
expected to avoid the normal yaw angle 
deviation experienced by free yaw sys- 
tems under wind shear conditions. 



Figure 3 - Two-bladed balanced-pitch 

rotor subject to wind shear. 


CROSS-WIITD EFFECTS 

As shown in Figure 4, the balanced- 
pitch rotor adjusts itself to cross- 
wind effects in much the same way it 
does under wind shear conditions. The 
result is expected to be a relatively 
small, steady yawing moment which, in 


a free-yaw system, aligns the turbine 
shaft to the new wind direction. 



Figure 4 — Two-bladed balanced-pi teh 

rotor subject to cross winds 

APPLICATIONS 

Fixed Pitch Configurations 

As shown in Figure 1, the balanced- 
pitch rotor may easily be applied to 
fixed-pitch rotors simply by adding 
bearings at the hub. These bearings 
are not required to carry blade cen- 
trifugal loads. This same simple 
arrangement is applicable to rotors 
with partial-span collective pitch 
control. Pitch control linkages, of 
course, will have to be flexible where 
they pass between the hub and the rock- 
ing pitch shaft. 

Variable Pitch With Rotating Actuators 

The configuration shown in Figure 5 ap- 
plies to units with full-span collect- 
ive pitch control in which hub-roounted 
actuators are used. Passive cyclic 
pitch control is accomplished by inter- 
connecting all actuators at a rocking 
yoke which is mounted in bearings and 
supported from an extension of the hub. 
Dampers are shown here which serve to 
limit the rate and extent of cyclic 
pitch excursions. 

In most cases it is possible to design 
yoke geometry and that of the pitch 
linkage system to avoid substantial 
collective pitch changes through the 
full range of cyclic pitch excursions. 
In some cases, however, slight changes 
in collective pitch may be purposely 
introduced to effect turbine output 
power if cyclic pitch variations are 
extreme. 
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Figure 5 - Balanced-pitch rotor with 

rotating actuators for full- 
span collective pitch 
control . 

Variable Pitch With Linear Actuators 

Figure 6 shows an application utilizing 
a pitch control rod for full-span col- 
lective pitch control* Once again^ it 
is only necessary to add a rocking yoke 
to which pitch control linkages are con- 
nected. In this design, cushioned stops 
are shown mounted on the pitch control 
shaft to limit the extent of cyclic 
pitch excursions* 


COLLECTIVE 



Figure 6 - Balanced-pitch rotor with 
linear actuator for full- 
span collective pitch 
control* 


More Than Two Blades 

For rotors having more than two blades, 
the rocking yoke shown in Figure 6 must 
be replaced with a ball joint or univer- 
sal joint which is allowed to tilt in 
any direction. Blade linkages are then 
connected to arms extending around the 
periphery of the joint. 

COMPARISON WITH TEETERED HUB 
Tower Clearance 

The teetered hub requires a very large 
distance between yaw axis and hub for 
adequate tower clearance at the blade 
tip. This distance is minimal for the 
balanced-pitch rotor, as shown by the 
comparisons of Figures 7, 8, and 9. 

Such a large overhang results in much 
higher costs for the low-speed shaft, 
bearings, nacelle and yaw structure. 

Figure 7 compares configurations for a 
downwind rotor with coning. The tee- 
tered rotor does not gain much clear- 
ance from coning because of the need to 
gravity balance the rotor. This posi- 
tions the teeter hinge far outboard from 
the intersection of the two blade axes. 



Figure 7 - Hub overhang with downwind 
rotors with coning. 


Similarly, as shown in Figure 8, a 
tilted rotor provides extra clearance 
only if the normal wind direction is 
perpendicular to the tilted rotor disk. 
In the case of the balanced-pitch rotor, 
a tilt may be very effective regardless 
of the wind direction. Cyclic loads 
normally associated with such a tilt 
are greatly reduced or eliminated. Of 
course, any coning or tilt will cause a 
reduction in energy capture. 
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The uncoaed rotors shown in Figure 9 
illustrate best the overhang advantage 
ot the balanced-pitch rotor compared to 
the teetered hub* 


i •» 
^ i 
i I 
< * 
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a 



TEBTEHEh BALMCED 

Him PITCH 


Figure 9 - Hub overhang with unconed 
rotors* 

Cyclic Speed Variations 

The teetered hub, in a sense* trades 
blade and hub cyclic loads for cyclic 
speed variations in the power train. 
These show up as large torque fluctu- 
ations in a constant speed machine* 
These torque fluctuations may be re- 
duced to acceptable levels by means of 
a torsionally flexible low-speed shaft, 
flexible gear box mounting, or a slip 


coupling in the power train# These 
special features are costly in terms of 
capital inveatmeat and/or energy losses, 
and they all tend to increase mainten- 
ance costs and reduce reliability^ 

The balanced-pitch rotor is not expected 
to introduce any such speed or torque 
variations* 

Survival Conditions 

The teetered hub performs beautifully 
as long as acrodynaiaic and centrifugal 
loads are in balance* When not in bal- 
ance, the huge teetered masses are veary 
difficult to deal with. For this rea- 
son, all large WKCS with teetered hubs 
must have braKes to prevent teeter oper- 
ation during startup, shutdown, and 
parked conditions* These brakes are 
critical to the very survival of the 
unit and must be in operating condi- 
tion through extended power outages, 

Wo such startup, shutdown, or survival 
facilities are required with the bal- 
anced-pitch rotor. 

Yaw Performance 

The teetered hub and balanced-pitch 
rotor are expected to be ^ual in avoid- 
ing cyclic yaw moments, Xn a free-yaw 
system, however, the balanced-pitch 
rotor is expected to track more accurate- 
ly than does the teetered rotor. 

On the other hand, the teetered hub 
avoids cyclic gyroscopic forces while 
the balanced-pitch rotor does not, 

COHChHDIHO REMARKS 

A new flexible rotor concept, called 
the balanced-pitch rotor, has been de- 
scribed and shown to be potentially 
equivalent to the teetered hub in per- 
formance, Certain advantages of the 
new concept have been pointed out, in- 
ciuding reduced tower clearances, 
avoidance of cyclic speed variations, 
and superior survival characteristics* 

For two-bladed muiti-iBegawatt wind tur- 
bines these features have been estimated 
to save some 15 to 25 percent of rotor 
cost and to increase reliability of the 
machine as a whole, 
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QUESTIONS AND ANSWERS 


G.W, Bottrell 


Prom : L . Mirandy 

Qs I can't see why the aero forces will automatically adjust the blade pitch in an 
optimum manner to reduce loads. Will you explain why? 

A; The system is only effective to reduce the difference in loads across the rotor 
disk* Load differences 'produce a differential pitching moment which increases 
the pitch of one blade and decreases that of the other until pitching moments are 
equal (assuming a frictionless system). 

From : F . W Perkins 

Qs What happens to your tower clearance when the rotor stalls? Why is this concept 
different from conventional pitch flap coupling? 

As I would not expect blade deflection at rotor stall to be as large as that of a 

6 degree teeter plus blade deflection. This concept and conventional pitch- flap 

coupling achieve the same results. We believe this concept will be far less 
expensive, 

Froms Anonymous 

Qs Does this concept also eliminate the pair of spindle thrust bearings in a normal 
two-bladed HAWT? 

As Wo, not to my knowledge, 

Froms G. Beaulieu 

Qs What is the effect of this system on blade torsional frequencies? is there any 
danger for blade flutter? 

As I believe there is a danger of blade flutter and this will require further analy- 
sis, Wo flutter was observed in the limited tests performed to date. 
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DYNAMICS OF m EKPBRBCTTAL mO HORIZOHTM. 

AXIS WIND TURBINE WITH BLADE CYCLIC PITCH VARIATION* 

Kurt H. Hohenemser and Andrew H« P» Swift 

Washington University 
St. Louis, Missouri 63130 


ABSTRACT 

The horizontal axis wind turbine under study in- 
corporates the ccxnbination of two features! The 
application of blade cyclic pitch variation and 
the use of yaw angle control for rotor speed and 
torque regulation. Due to its "emasculation" 
by passive cyclic pitch variation the rotor can 
be rapidly yawed without encountering gyroscopic 
and aerodynamic hub moments and without noticeable 
out-of-plane blade excursions. The two bladed 
upwind rotor is vane stabilized and of very simple 
and rugged design. The principle was first checked 
out with a small scale wind tunnel model and then 
tested in the atmosphere with a 7.6 meter diameter 
experimental fully instrumented wind turbine driv- 
ing a 3 phase alternator. The rotor to tail vane 
furl angle was controlled through an electric 
actuator by a manually operated toggle switch 
overridden by an automatic rotor over speed relay. 
The paper summarizes the test results with respect 
to structural dynamics and yaw dynamics. 

NGMENCLATURE 

A Rotor disk area 

A Tail vane area 

I^ Machine moment of inertia about yaw axis 

P Rotor power 

R Rotor radius 

T Rotor Torque 

V Wind speed 

C Blade chord 

C Tail vane lift slope - 

Cp Rotor power coefficient (2P/pAV ) ^ 

Rotor torque coefficient (T/pAR(l2R) ) 
Rotor angle of attack 
a Tail vane orientation 

Instantaneous wind direction change 
at tail vane 
^ Damping ratio 

X Tip speed ratio (J^V) 

p Air density 

a Blade solidity ratio (2C ^/ttR) 

X Cyclic pitch amplitude 

U Rotor angular speed 

0) Undamped natural yaw frequency 

0 ) Damped natural yaw frequency 

n 

INTRODUCTION 

The bewildering variety of wind t^ilbine configur- 
ations now in operation is a sign of a lack of 
maturity of this technology. In the course of 
time most of these configurations will undoubtedly 
fall by the wayside and only a few will survive. 
Meanwhile one mote configuration of a horizontal 
axis wind turbine has been added and tested for 
several months in the atmosphere. Initial power- 
off test results are reported in Reference 1. 

*Presented at the Second DOE/NASA Wind Turbine 
Dynamics Workshop, February 24-26, 1981 in 
Cleveland, Ohio, 


A selection of subsequent power-on test results 
with emphasis on structural and yaw dynamics 
are given in this paper. Continued testing 
is planned for the spring of 1981. 

OHE NEW CONFIGURATION 

In order to place the new configuration within the 
frame work of preceding designs, let us first 
look at the various possible ways of power and 
rotor speed control for horizontal axis machines. 

Power and RPM Limitation By 

1. Blade stall, automatic brake 

2. Blade feathering 

3, Blade Unfeathering (enhanced stall) 

4, Rapid rotor yawing, cyclic pitch 

The first method is applicable if an induction 
generator is used with nearly constant RHl im- 
posed by the electric grid. At fixed blade 
pitch setting and increasing wind speed the 
rotor power will reach a maximum and then de- 
cline leading ultimately to deep blade stall. 

In case of power cut-out the rotor will over speed 
unless speed limited by an automatic mechanical 
or aerodynamic brake. While this system is 
simple it requires an over designed generator 
and drive system and a powerful brake. 

The second method is widely used and effective 
for both power-on and power-off conditions. 

It needs variable pitch blades and an automatic 
pitch control mechanism. The implementation 
of this method is complex and costly. 

The third method enhances blade stall both power- 
on and power-off. 'Kie power peak remains high 
and requires an over designed generator and 
drive system. The blade pitch varying mechanism 
adds to the complexity and cost- 

The fourth method of rapid rotor yawing using 
cyclic pitch variation is the one to be dis- 
cussed here. Let us now look at the .various 
possible means of generating a yawing nK>ment. 

Yawing Mexaent By 

1. Yaw gear, up or downwind rotor 

2. Tail vane, upwind rotor 

3. Rotor control, up or downwind rotor 

4. Rotor self yawing, downwind rotor 

The first method is used in many medium and 
large units. The yaw rate is low so that the 
rotor position lags behind wind direction changes. 
In some designs the yaw gear drive is powered by 
a paddle wheel with an axis perpendicular to 
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the rotor axis* in other designs the yaw gear is 
driven by a servo motor receiving signals from 
wind direction pick-ups* 

The second method is widely used for smaller units. 
Because of the gyroscopic and aerodynamic hub 
moments rapid wind following due to the tail vane 
can be a problem with respect to loads and vibra- 
tions, particularly for fast turning two bladed 
rotors. Our experimental wind turbine is tail 
vane stabilized and two bladed. It is subjected 
to high yaw rates. Due to the feature of passive 
cyclic pitch variation to be explained later, 
the rotor is "emasculated". Gyroscopic moments 
are balanced ^ aerodynamic moments from cyclic 
pitch variation and do not load up the hub or 
rotor shaft. The out-of-plane blade motions asso- 
ciated with the cyclic pitch variation are very 
small. There is no blade feathering mechanism. 

The third method of yawing the rotor by active 
rotor cyclic pitch controls has been suggested 
in Reference 2 but has so far not been implemented. 

The fourth method is limited to downwind rotors 
and has become quite popular. Its implementation 
requires a good understanding of rotor aero- 
dynamics. Dynamic overshooting and large off- 
center equilibrium positions have been observed. 

Figure 1 is a schematic plan view of the experi- 
mental wind turbine configuration with the de- 
finition of rotor angle of attack a , yaw angle 
90° - a and furl angle. Though not quite correct, 
the furl angle, that is the angle between tail 
vane boom and rotor axis, has been assumed to 
be equal to the yaw angle. The furl angle could 
be varied between zero and almost 90 with the 
help of a linear electric actuator with a constant 
furl rate of 15 degrees per second. A toggle 
switch was used for starting, stopping and re- 
versing the actuator motion. An automatic over- 
speed relay could override the manual switch in 
the direction of increasing furl angle. The actu- 
ator motion stopped when the overspeed condition 
terminated, or when the furl limit switch was 
tripped. Unfurling was then accomplished by 
manual operation of the toggle switch. 

The 7.6 meter (25 foot) diameter turbine was driv- 
ing a 3 phase alternator with a rectifier that 
produced up to 220 volt DC. A resistance load 
of 6.0 ohm resulted at 22 miles per hour wind 
velocity in an electric power output of 8.0 KW. 

The alternator torque input increases very closely 
with the second power of the RIM. Thus the wind 
turbine operated at all wind speeds and furl 
angles with a constant torque coefficient. 

SMALL SCALE WIND TUNNEL MODEL STUDIES 

The Study of the new configuration began with 
some small scale wind tunnel model tests. Figure 
2(a) shows an axial view of the model rotor. 
Figures 2(b) and 2(c) show side views. The hub 
can swivel freely about the two pins. The blades 
are attached to the hub with a small fixed prelag 
angle with respect to the swivel axis. The rota- 
tional deflection about the swivel axis is almost 
equal to the cyclic pitch deflection of the blade 


pair which is accompanied by a small out-of- 
plane teeter delfection. Because of the absence 
of any control mechanism the hub is very simple. 
The blades are retained by bending flexures. 

Only autorotational conditions could be tested. 
The following table gives the main data for 
the wind tunnel model and for the atmospheric 
test machine. 

Table 1 

Model and Pull Scale Parameters 



Model 

Pull Scale 

Rotor Diameter inch 

17.2 

300 

Blade Chord, inch 

1.0 

12 to 4 

Blade Solidity Ratio 

.075 

.032 (at .7R) 

Blade Twist, degrees 

0 

9.5 

Blade Airfoil, NACA 

0015 

4425 to 4412 

Blade Lock Number 

6.4 

7.0 

Blade Prelag Angle 

2^0 


Cyclic Pitch Stops 

+9 

+13 

Reference Rotor RPM 

1800 

225 

Reynolds Number for .7R 

50,000 

640,000 


Since blade Lock number and blade prelag angle 
are approximately the same for model and full 
scale rotor, blade cyclic pitch dynamics are, 
outside of the blade stall regime r the same despite 
the differences in geometry. The measured quan- 
tities were wind speed, rotor speed and yaw 
angle. The furl angle (see Figure 1) could 
only be changed between runs and not during 
operation. The n^del was tested both with tail 
vane (Figure 2(b)) and without tail vane (Figure 
2(c)) at fixed yaw angles. Figure 3 shows the 
speed ratio V/^R vs. yaw angle in autorotation 
for about zero blade pitch angle setting. The 
model data are corrected for a .7R Reynolds 
number of 50,000 since not all tests were run at 
this Reynolds number. The results of the full 
scale power-off tests at a Reynolds number of 
640,000 are also shown. The dash line refers 
to the results of NACA tests at zero blade pitch 
setting and with a Reynolds number of 620,000, 
Reference 3. The NACA test results represent 
a smooth continuation of the curve for our atmos- 
pheric test rotor. The model, due to the lower 
Reynolds number and higher blade solidity, oper- 
ates at much^higher speed ratio V/QR and ex- 
hibits at 50 yaw angle a discontinuity in the 
curve, which is apparently caused by blade stall. 
The small scale model tests demonstrated smooth 
operation of the two bladed rotor with passive 
cyclic pitch variation up to yaw angles of 50 
degrees, good controllability of the RPM by 
yawing, easy starting up to 50° yaw angle, good 
damping of yaw transients and the capability 
of high yaw rat^ without noticeable vibrations. 

In the original configuration of the model rotor 
an instability occurred with zero yaw angle 
at a wind speed of 24 miles per hour correspond- 
ing to 2100 RPM. Just prior to the onset of 
the instability the cyclic pitch amplitude was 
small and the rotor ran smoothly. Suddenly 
cyclic pitch stop pounding was observed with 
an estimated frequency of 10 to 20 Hz. The 
RPM rapidly dropped to about one-third and the 
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tip path plane was strongly warped indicating 
that the cyclic pitch frequency was different 
from the usual 1P« The condition persisted until 
the tunnel speed was reduced to 12 miles per hour. 
The onset of the instability was, in repeated 
tests, always exactly at 24 miles per hour. 

It was suspected that the instability was related 
to the fact that, for the model, the blade coning 
frequency was quite low due to the blade retention 
flexures. These flexures were reinforced in order 
to appreciably raise the blade coning frequency. 

The model was then operated at zero yaw angle 
up to 2$ miles per hour wind speed corresponding 
to 2500 RPM without encountering the instability. 

At 28 miles per hour the model was yawed whereby 
the rotor speed dropped at 45 degrees yaw angle 
to 1450 RPM. When yawing further beyond 50 de- 
grees the stop pounding instability reoccurred but 
could be removed by yawing the rotor back to 
smaller yaw angles. The observed effect of the 
coning mode frequency on the instability proves 
that a coupling between the rigid body blade mode 
and the coning mode is involved. Blade stall must 
also be a contributor, otherwise the two modes 
could not couple, the coning mode being symmetri- 
cal, the rigid body mode being asymmetrical. The 
full scale rotor was tested up to 36 miles per 
hour wind speed and up to 80 degrees yaw angle 
without encountering the instability. Presumably 
it was not stalled in this test range. The coning 
frequency is high, see Figure 8. 

The model instability may be related to a pheno- 
menon observed with the NASA DOE MOD-0 machine 
in the configuration with teetering untwisted 
blades reported in Reference 4. The MOD-0 oper- 
ated for these tests at substantially lower RPM 
than normal and closer to blade stall* Stop 
pounding of the teetering motion occurred repeat- 
edly after encountering a gust. The stop pounding 
condition persisted after passing of the gust 
and could only be removed by feathering the blades. 
Stop pounding has also occurred in two bladed 
teetering helicopter rotors and has caused the 
destruction of rotors in flight. Conditions with 
deep stall should be avoided in teetering rotors, 

ANALYSIS OF STEADY STATE YAW CHARACTERISTICS 

The analytical studies were conducted in support 
of the design for the atmospheric test equipment. 
Figure 4 shows the effect of yaw angle on the 
power coefficient C . The curves are labelled 
according to the ro€or angle of attack (90 
minus yaw angle, see Figure 1) . The graphs have 
been estimated with the method of Reference 5, 
correcting for the opposite blade twist and for 
dynamic stall effects. Similar graphs based on 
analysis are given in Reference 6, based on tests 
in Reference 7. The cubic curve C /a = .008 re- 
presents approximately the power required coeff i- 
cient for the 3 phase alternator. The operational 
points for the various yaw angles, indicated by 
circles, are the intersections of the power re- 
quired and power available curves. At zero yaw 
angle (a - 90*^) the machine operates with maximum 
power coefficient. The tip speed ratio QR/V is 
constant up to rated wind speed, the RPM then 
varies in proportion to the wind speed. Beyond 


rated wind s^ed the RI^ and power is kept con- 
stant by yawing the wind turbine out of the 
wind. The power coefficient is now smaller 
and less than the maximum for a given yaw angle. 

ANALYSIS OP YAW TRANSIENTS 

Yaw transients are easy to compute since one 
can assume that the emasculated rotor does not 
resist a yawing motion, undamped natural 

frequency in yaw depends only on the tail vane 
parameters. 

The yaw damping ratio is 

C = o)h/2v 

The natural frequency of the damped yawing motion 
is 

( 1 )^ - (1 - 5 ^)’* 

2 

For the test machine: A,^ = 12.5 ft , C „ = 3.0 

I = 370 slug ft^, h = 15; 5 ft. A wake factor 
of .7 was assumed to obtain the lift slope. 

For V = 21 miles per hour (9.5 meter per second) 
and standard sea level density one obtains 

- 1.31 rad/s, ^ = *33 

The yaw response to a unit step input of wind 
direction change is shown in Figure 5. The new 
wind direction is reached after 1.5 seconds and 
there is a 30% overshoot. After 4 seconds the 
machine is practically aligned with the new 
wind direction and stays aligned. The maximum 
yaw rate is *6a ^ rad/sec. 

It is of interest to establish the effect of 
upscaling of the machine. From the given expres- 
sions it follows for geometric similarity and 
assuming that masses increase with the cube 
of the length dimension: 

o The natural yaw frequency increases in 
proportion to wind speed. 

o The natural yaw frequency is inversely 
proportional to the length dimension. 

o The yaw damping ratio is independent of 
wind velocity and of scale. 

k 

o The damping ratio increases with h(hA^I) . 
For given geometry a light tail boom gives 
a high damping ratio. 

One can easily show that for the rotor, assuming 
the cube law for the masses, the natural frequen- 
cies are also inversely proportional to the 
length dimension, and that daunping ratios are 
independent of scale. Thus, the rotor scaling 
laws match those for the tail vane. A given 
step change in wind direction will lead, at 
the same wind speed, to the same cyclic pitch 
amplitude, no matter what the scale. Figure 
5 shows also the time scale for a MOD-OA size 
machine with 5 times the diameter of the test 
rotor . 
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FURL TEST DATA 


A nuifiber of power-off and power-on furling tests 
were conducted and several automtic fur lings 
occurred^ in response to rotor over speed* A 
particularly severe furling test consisted of 
a sudden power cut with simultaneous start of 
furling as it could occur by the blowing of a 
fuse in the alternator load circuit* Figure 6 
shows the time history for such a case. The ini- 
tial conditions were 16.5 miles per hour wind 
speed, 170 rotor Bm, 15® furl angle.^ The furl 
angle reached its maximum value of 80 after 4.3 
seconds (15®/sec) • The rotor speed reached the 
maximum of 225 RB« after 3.3 seconds. After 8 
seconds a gust occurred increasing the wind speed 
to 20 miles per hour. At the same time the power 
was inadvertently cut in for 2 seconds. The Ri^ 
declined steadily. The over speed ratio for this 
power cut-out case was 225/170 * 1.32. The rotor ^ 
the transmission system and the generator must 
be capable of occasionally sustaining such an 
over speed. If the power cut-out should happen 
together with the beginning of a gust, the over- 
speed would be greater. A higher furl rate than 
15 /sec would reduce the over speed after power 
cut-out. The wind velocity was measured at 45 
feet height, 15 feet below the rotor center. 

VIBRATIONS AND DYNAMIC LOADS TEST DATA 

The test machine is a modified Astral Wilcon Model 
lOB mounted on a free standing unarco-Rohn S.S.V. 
60 foot high tower which has been made tiltable 
to a near horizontal position to facilitate main- 
tenance of the instrumentation. Vibration fre- 
quencies and damping ratios were first analyzed 
and then corrected from vibration test results 
at zero rotor speed. The effect of rotor speed 
on the blade natural frequencies as shown in Fig- 
ures 7 and 8 was computed. The operational range 
is between 120 and 250 RPM. In this range there 
is a 3P resonance with the fundamental in-plane 
rotor mode. It was found to be hardly noticeable. 
The 2P coning mode resonance at an overspeed of 
280 RPM is quite strong despite a high damping 
ratio of .21. Higher harmonic resonances with 
the higher modes were found to be weak. There 
is a wide separation between the in-plane mode 
frequency and the IP line. The IP gravity ex- 
citation is, therefore, not amplified and no 2P 
gravity hub loads exist. The asymmetrical rigid 
body mode (cyclic pitch) is placed between the 
IP and 3P lines and shows little resonance ex- 
citation. This mode is furthermore well damped 
with a damping ratio of .26. 

Of the various tower and tail boom modes only 
the 3 modes listed in Table 2 were found to be 
of any significance. 


The IP tower excitation at 112 RBI was found 
to be mild, there is a IP vertical tail boaa 
excitation at 160 RPM which has an effect on 
almost all dynamic loads as seen in Figure 9, 
where the main harmonic contents is indicated 
for each graph. The yaw post bending moment 
is taken at the upper yaw bearing and peaks 
at the Vertical tail boom IP resonance of 160 
RBI. The tail boom vertical root moment, not 
shown in Figure 9, is equal to the yaw post 
moment. It appears that the vertical tail boom 
resonance affects # in addition to the yaw post, 
also the blades. The stresses from these loads 
are quite small. The vertical and horizontal 
accelerations of the machine just aft of the 
hub are also small, not exceeding +.15g even 
at the tower or tail boom resonances. 

Table 3 shows the maximum measured dynamic tran- 
sient loads at 3 furl angles for yaw post bending, 
for flap bending of the rotor center, and for 
rotor torque. The IP in-plane bending amplitude 
at the rotor center is constant throughout and 
determined by gravity loads. Despite the two 
bladed rotor and despite rapid yawing the test 
machine is quite benign with respect to dynamic 
loads and vibrations. 

Table 3 

Maximum Transient Loads + in-lbs 


Yaw Post 
4100 
3500 
3700 


Flap Bend. 
2500 
3100 
440 


In-plane bendings 1800 in-lbs throughout 


Analyses for several potential linear aeroelastic 
instabilities were performed. Bending torsion 
blade flutter up to 400 RPM cannot occur. A 
whirl instability of the two bladed rotor is 
predicted for equal rotor support stiffness 
in the vertical and horizontal direction. Due 
to the free yawing the horizontal rotor support 
stiffness is zero and analysis as well as tests 
showed that in this case no whirl instability 
exists. The Coleman type of mechanical insta- 
bility from coupling of the in-plane blade mode 
with the rotor support mode was analyzed and 
found to occur far above 400 RBI. The rotor 
rigid body mode frequency coalesces with the 
in-plane HK>de frequency at about 350 RPM. A 
closed form approximate solution showed a slight 
negative damping ratio of the coupled mode. 

A more elaborate finite element analysis resulted 
in positive damping of this im^de. One can con- 
clude that the test machine is free of linear 
aeroelastic instabilities.* 


Table 2 


Tower and Tail Boom Resonances 


Excitation 

First 

Tower 

Vertical 

Boom 

Second 

Tower 

IP 

112 

160 

— 

2P 

56 

80 


4P 

28 

40 

180 


STARTING TEST DATA 

The wind velocity required for starting depends 
on the system friction torque and on the aero- 
dynamics of the inner blade section. Due to 

*The aeroelastic and vibration analyses were 
performed by the graduate students T.W.H. Ko 
and S.Y. Chen, under the supervision of Professor 
D.A. Peters. 
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the feathering mechanism of the Astral Wilcon 
Model lOB machine r 30% of the inner blade has no 
aerodynamic section but. merely a circular shaft. 
Though the test rotor has no feathering mechanism 
and could have an aerodynamic section extending 
close to the hub# the available Model lOB blades 
were used to keep the cost of the test machine low. 


Figure 10 shows a comparison of the test blade 
planform with a possible planform of a production 
blade, which would have, according to the anal- 
sis, twice the starting torque and a consider- 
ably improved performance. The measured con- 
tributions to the starting rotor torque were: 


Rotor shaft and gearbox 
Alternator 

Alternator belt drive 
Total 


3.5 foot lbs. 
1.0 foot lbs. 
1.0 foot lbs. 

5.5 foot lbs. 


Figure 11 shows the time history of a starting 
test less belt drive, that is with 3.5 foot lbs. 
starting friction. The production type blade 
would have about the same characteristics with 
7 foot lbs. starting friction. With 8 miles per 
hour average wind velocity the rotor accelerates 
steadily to 40 RRM within 40 seconds. It then 
takes off very rapidly and reaches 120 RPM in 
another 10 seconds. The cyclic pitch amplitude is 
initially large with an occasional stop contact at 
+11.5° during the first few revolutions. Beyond 
40 RPM the amplitude reduces to a small value of 
+2°. Starting tests were conducted up to a furl 
angle of 60°. Somewhat higher wind velocity 
is required for starting at higher furl angles. 

STASTICAIi TEST DATA 

Due to the fluctuating wind velocities it is dif- 
ficult to obtain data on steady conditions- The 
data points in Figure 12 of rotor power vs. rotor 
speed were obtained during brief periods of ap- 
proximately steady wind. For both unfurled and 
40° furl conditions the data follow closely the 
constant torque coefficient line C /a = .008, see 
also Figure 4. The highest two points were taken 
during gusts when the rotor was accelerating. 

The power from the torque meter reading was cor- 
rected for the accelerating torque- The total 
torque including the inertia torque is again on 
the C^/a - .008 line. 

The statistical data presented in Figures 13 to 18 
were obtained with a microcomputer . For each dy- 
namic variable 128 samples per second were taken - 
The computer then updated mean, standard de- 
viation, overall maximum and overall minimum. 

After completing this task for all measured var- 
iables, the next set of 128 samples per second 
per quantity was taken. The intervals between the 
sample sets were about 3 seconds. For each sample 
set of one second duration the wind velocity was 
measured and the 1/2 meter per second wide velo- 
city ”bin" was determined for that particular 
set- Each run lasted for about one hour. 

Figure 13 shows a typical distribution of sample 
sets. A logarithmic scale is used for the number 
of sample sets. Each wind speed "bin” between 
2 and 6 meter per second contains about 100 sample 


sets, whereby each set contains 128 samples 
per measured quantity. The average power co- 
efficient for each bin is shown in Figure 14. 

At low wind speed this coefficient is high be- 
cause the inertia of the decelerating rotor 
adds to the shaft torque. At high wind speed 
the power coefficient is low because the inertia 
of the accelerating rotor subtracts from the 
shaft torque, see also Figure 12. If one weighs 
the average C value in each wind speed bin 
with the numbir of sample sets in this bin, 
and if one then takes the weighted average over 
all bins, one obtains the value of C » .46. 

This represents the ratio of the energy trans- 
mitted during the run to the shaft over the 
total wind energy flowing through the disk during 
the period of the run- 

Figure 15 shows the distgibution of the average 
power coefficient for 45 furl angle, C 

values are now much lower, the weighted average 

over all bins is C = ,18. 

P 

Figure 16 shows an example of tiie distribution 
of mean and standard deviation of the rotor 
RB$ over the bins. For steady conditions the 
tip speed ratio X should be independent of wind 
speed. Actually the tip speed ratio is higher 
at low wind speed, because the rotor runs faster 
than for equilibrium, the tip speed ratio is 
lower for high wind speed, when the rotor runs 
slower than for equilibrium. 

Figure 17 shows an example of the mean, standard 
deviation, maximum and minimum of the cyclic 
pitch amplitude vs. rotor REM "bins" at 30 
furl angle. The vertical scale is in volt, 
whereby 1 volt = 5° cyclic pitch amplitude. 

For low REM the mean cyclic pitch amplitude 
is +5°, for higher REM it is about +2.5 . 

Figure 18 shows an example of the effect of yaw 
rate on the cyclic pitch amplitude. Yaw rate 
"bins" of 3°/sec. width were used and the mean 
and standard deviation of the cyclic pitch amp- 
litude in each bin was determined. For the case 
of Figure 18 the furl angle was 20 , and the yaw 
rates were obtained frcan the yaw post rotation 
due to wind direction changes. Only yaw rates 
in the furl direction were considered. For the 
opposite yaw rates the cyclig pitch amplitudes 
are about 30% smaller. A 14°/sec. yaw rate ^ 
produces a mean cyclic pitch amplitude of +4° 
which is in agreement with analytical estimates. 

CONCISIONS 

The test data taken with the experimental wind 
turbine during close to 100 hours of operation in 
winds up to 36 miles per hour have shown that 
the two bladed vane stabilized rotor with passive 
cyclic pitch variation can be continuously oper- 
ated power-on at yaw angles up to 50° with a low 
level of dynamic loads and vibrations. The 
machine can also be rapidly yawed with with rates 
or wore than 15°/sec without a noticeable in- 
crease in dynamic loads and vibrations. In par- 
tially furled conditions the rotor power can be 
held to a small fraction of the power when un- 
furled. With the present furl rate of 15 /sec 
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a suddert power loss results in 32% over speed* 

So far automatic operation of the furl control 

was limited to overspeed furling* A fully auto- 
matic furl control is being developed* 
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QUESTIONS AND ANSWERS 


K, Hohenemser 


Proms A, Smith 

Qs Why such high A3 angles? And is the high rigid body frequency due to A3? 

A; A 5 has been seZeoted to ^taoe the frequency of the rigid body mode between 1 P and 

3 P. This gives a t3 of about 20°, 
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MOD-O WI3SID TURBINE DYNAMICS TEST CORRELATIONS^ 


by 

Bennett M. Brooks 
Anal 3 Ttical Engineer 

Hamilton Standard 

Division of United Technologies Corporation 
Windsor Locks, Connecticut 


ABSTRACT 

The behavior of the teetered, downwind, free yaw, 
MOD-O wind turbine, as represented by NASA dynamic 
test data, was used to support confidence in the 
Hamilton Standard computer code simulations. Trim 
position, performance at trim, and teeter response as 
predicted by the computer codes were compared to 
test results. Using the computer codes, other possible 
configurations for MOD-0 were investigated. Several 
new test configuraCions are recommended for exploring 
free yaW behavior. Jt is shown that eliminating rotor 
tilt and optimizing coning and blade twist can contri- 
bute to good free yaw behavior and stability. The ef- 
fects of rotor teeter, teeter gravity balance, inflow 
and other physical and operating parameters were also 
investigated. 


INTRODUCTION 

The 100 kW experimental MOD-0 wind turbine located 
near Sandusky, Ohio, (Plumbrook installation) has 
served as the test bed for the U. S. Large Horizontal 
Axis Wind Energy Program since its initial operation 
in 1975 (Reference 1). The MOD-0 installation is 
shown in Figure 1. In 1980, NASA conducted tests on 
the machine in downwind operation mode, with a tee- 
tered hub, and tip controlled blades. The tests cover- 
ed the range of start-up, shut-down, and normal 
operation and focused on power control characteristics, 
and aerodynamic performance. Information in the 
strip chart data included such operating parameters 
as wind speed, yaw direction, generator power output, 
teeter angle, blade bending moments and bearing loads. 

Since early 1979, Hamilton Standard has supported 
these aspects of the NASA MOD-0 SR and T Program 
with analytical studies using the F762 computer code 
simulation. The F762 program has been under develop- 
ment at Hamilton Standard for several years. This 
analysis is a teetering rotor computer program char- 
acterized by a rigorous modeling of the blade, and 
accounting for the nonlinear and time varying structural 
twist using modal response methods. 

The tower response including yaw motions are describ- 
ed in the six degree of freedom equations of motion of 
the hub. The complete nonlinear response of the tower 
and rotor time history solutions are printed and/or 


* Presented at the Second DOE/NASA Wind Turbine 
Dynamics Workshop, February 24-26, 1981 in 
Cleveland, Ohio. 


plotted for harmonic analysis and transient aeroelastic 
response calculation purposes. The co-ordinate sys- 
tem for the wind turbine as defined in F762 is describ- 
ed schematically in Figure 2. Note, from the top -left 
drawing in Figure 1, that the diHerence between the 
nacelle yaw and the wind yaw is the angle that the 
nacelle makes with respect to the wind. This is known 
as yaw alignment. 

This study of the MOD-G test data had the following 
three objectives: 

1. Confirm the behavior of the MOD-0 machine as 
represented by the NASA data using the F762 time 
hlstoiy program, 

2. Recommend to NASA a new test configuration for 
MOD-0. 

3. Study yaw trim behavior as a function of blade 
twist, rotor cone, A3, inflow character, teeter, and 
other physical and operating parameters. 



Figure 1 - MOD-0 kw wind turbine with 
teetered, tip control rotor 



The results of this study are summarized in this paper 
in two parts: one dealing with the correlation of test 
and calculations and the other dealing with optimized 
MOD-0 configurations. 


Test/Analysis Correlation 

Test data for the MOD-O machine were compared with 
calculations for a model simulation using the F762 
computer code time history results. A comparison of 
calculated and measured yaw behavior for the MOD-0 
machine is shown in Figure 3. Both the test and calcu- 
lations were for the MOD-0 operating at 33 RpM with 
no tip control. The calculations were made for a con- 
stant wind speed of 18 mph, whereas the test was con- 
ducted at varying wind conditions. The test was con- 
ducted at zero blade angle. The blade angle used for 
calculations was set at -4. 5 degrees in order to pro- 
duce the rated power at rated wind speed. 

The MOD-0 machine was tested first in the fixed yaw 
mode with the yaw brake on. During subsequent test 
runs, the brake pressure was gradually bled off to 
zero so that the machine was allowed to yaw freely. 

The bottom curve in Figure 3 shows the tested yaw 
alignment vs. time. The yaw alignment for this run 
starts near zero but, as the yaw brake is released, 
the yaw alignment increases until it stabilizes at about 
-50 degrees. The variation from -50 degrees is due to 
the many changes in wind speed and direction which 
occurred during the test run. The results from the 
calculation are shown in the top curve. The model 
used in the calculation was started at a zero yaw posi- 
tion and allowed to yaw freely. The final yaw align- 
ment settled at -65 degrees, approximately matching 
the test result. Note that the time for the calculation 
to reach trim is much less than the time observed dur- 


ing the test. The reason for this is unclear, but it is 
believed to be due to friction in the real system caused 
by drag on the yaw brake and in the yaw bearing. 



f=762 PREDICTION 

(18 MPH OATPn WIND SPEED) 


eS" FINAL TRIM 
POSITION 


10 20 30 

TIME (SEC) 


40 



0 40 80 120 160 200 240 280 320 360 400 440 480 520 560 600 640 


time (SEC) 

WIND SPEED 9 TO 23 MPH 
POWER 46 TO 100 kW 


Figure 3 - Yaw behavior MOD-0 Plumb rook 


A comparison of measured and calculated teeter angle 
time histories is shown in Figure 4, The measured 
teeter angle time history is shown in the top curve for 
a portion of the test run when the wind speed was steady 
at 18 mph ± 1 mph for about 10 seconds . The yaw 
alignihent was -50 degrees varying little for this 
period and the teeter angle had reached steady -state. 
The corresponding F762 prediction is shown in the 
bottom curve. The time history calculations used in 
Figures 3 and 4 were started with no initial displace- 
ment at coi^tant RPM, The rotor was therefore in- 
stantaneously immersed in the flow field. Thus, there 
was an initial transient response for an instantaneous 
18 mph gust. The results are qualitatively equivalent 
to teeter gust responses observed in the measured data. 
In the calculation, this Udtial transient quickly decays, 
to the steady-state teeter response shown. The pre- 
dicted teeter angle is of simito magnitude as that 
shown for the test data. 




Figure 4 - MOD-0 teeter angle F762 vs. 
measured data 
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A comparisoa of the MOD-0 measured aud calculated 
performance vs. wind speed is shown in Figure 5. The 
measured data represent the actual power output of the 
MOD-0 machine alternator, with the machine operating 
in free yaw at the approximate yaw trim position. This 
is within a few degrees of the -50 degree position as 
shown in Figure 3, The predicted performance was, 
for convenience, calculated using a computer code, 
which assumes a fixed yaw, rigid rotor. This computer 
code has basically the same aerodynamic formulation 
as in F762 and has been shown to give very similar per- 
formance results. The calculation assumed a fixed 
yaw position of -50 degrees and an alternator system 
efficiency of. 80 percent (Reference 2). The sensitivity 
in the measured data of power output to wind speed at 
this extreme yaw position is well predicted by the cal- 
culation. The calculation is somewhat conservative 
for output power level at a given wind speed, which is 
possibly caused by the extreme yaw angle or by error 
in the assumed alternator efficiency, wind shear or 
other factors. 



5 10 15 20 25 30 


WIND SPEED (MPH) 

Figure 5 - MOD-0 performance at -50'' yaw alignment 
0° blade angle - calculations vs. test data 

MOD- 0 Configuration Studies 

It was desired to design a new test configuration for 
the MOD-0 machine, one that was practical to build 
and that would provide better yaw behavior than the 
current design to achieve consistently full rated power. 
Using the F762 computer code, studies of various 
MOD-0 configurations were performed to accomplish 
this by investigating yaw trim behavior as a function 
of blade twist, coning, A3, teeter, and other basic 
parameters. 


The effect of introducing aerodynamic blade twist to the 
MOD-0 base configuration is shown using the yaw trim 
diagram in Figure 6. The base configuration is the 
computer code model for the current MOD-0 machine 
described above at rated wind conditions. The inves- 
tigated twist distributions are based on the Hamilton 
Standard twist distribution. The amount of twist at 
each radial station relative to the reference station 
(3/4 radius) is "multiplied by a constant factor . Multi- 
plying by 1. 0 gives the Hamilton Standard twist, see 

Table 1, while a zero multiplier gives an untwisted 
blade. The base configuration has untwisted blades. 
The yaw behavior for the base case is shown at the far 
left of Figure 6. The zero twist case will yaw to the 
-65 degree position and trim (see Figure 3). The 
MOD-0 with Hamilton Standard aerodynamic twist will 
trim at -54 degrees yaw. Increasing the twist will 
cause the MOD-0 to trim closer to the wind. 



Figure 6 - Effect of twist on MOD-0 yaw trim 
calculated results. Plumb rook test 
configuration 


Table 1 


Hamilton Standard Wind Turbine - Blade Twist 


Reference Station 


Radial Station 
0.0203 
0. 0751 
0.146 
0.217 
0.289 
0.360 
0.431 
0.502 
0.573 
0.644 
0, 715 
0. 750 
0. 787 
0. 858 
0.929 
0.982 


Twist (Degrees) 
-12.5 
- 12.1 
-11.7 
- 10.2 

- 7.80 

- 5.63 

- 4.14 

- 2.91 

- 1.94 

- 1.02 

- 0.31 

0. 00 
0.10 
0.53 
0.96 
1.22 


289 




Sev'eral .configuration changes to the base models with-- 
out blade twist, were studied* The effect of coning 
the blades 6 degrees downwind on yaw trim behavior 
was examined* Coning the rotor without providing 
static balance causes the rotor to yaw further from the 
wind than the base case. Statically balancing the coned 
rotor, by placing the teeter pin at the rotor center of 
gravity, decreases the yaw rate somewhat. However, 
the trend is still to yaw farther off wind. Finally, the 
addition of a 20 degree A3 angle to the teeter pin pro- 
duces insignificant changes to the yaw behavior. Thus, 
none of these coning modifications to the base model 
produced satisfactory yaw behavior. 

Since the base model has 8 1/2 degrees of uptilt, there 
is a significant component of the rotor torque in the 
yaw moment direction. Therefore, the effect of remov- 
ing uptilt was examined. The results are shown in 
Figure 7, where the base case with 8 1/2 degrees uptilt 
is shown at the right. The base case without uptilt is 
shown at the left. By removing the uptilt, the yaw rate 
is greatly decreased, although a trim position is not 
found. K was therefore, decided to investigate further 
modifications with the uptilt removed. 



Figure 7 - Effect of uptilt on MOD-0 yaw trim 

untwisted rotor A 3 = 0 ^ rated wind speed 


The effect of tilt removal and rotor static balance on 
the MOD-0 machine are shown in Figure 8 . The con- 
figuration is identical to the base case except that the 
rotor is untilted and coned 6 degrees. The degree of 
rotor static balance can be varied by moving the teeter 
pin from the rotor apex to some fraction of the dis- 
tance to the rotor center of gravity. The distance be- 
tween the rotor apex and the teeter pin is called hub 
undersling. For the MOD-0 rotor coned 6 degrees, 
static balance is achieved with a hub imder sling of 
27. 85 inches. The rotor is called half -balanced if the 
hub under sling is 13.925 inches. 

As shown in Figure 8 , there is no improvement in the 
yaw trim position for the fully statically balanced con- 
figuration over the base model. However, the half- 
balanced configuration shows some proitnise, trimming 
at about -45 degrees. The configuration with only 40 


percent static balance shows further improvement, 
trimming at about -28 degrees. With less than 40 per- 
cent static balance the trim diverged. For these eases, 
if the time history is. initialized with the rotor in the 
positive yaw position region, the rotor tends to move 
further off the wind, not toward the trim position. If 
the degree of static ui^alance is increased, this be- 
havior becomes worse. 



Figure 8 - Effect of rotor static balance on MOD-0 
yaw trim, claculated results, untilted, 
untwisted rotor, A 3 = 0° cone - 6 "^ rated 
windspeed 

It was apparent that a cause of this poor yaw behavior 
could be improper coning of the rotor blades. Since 
static balancing of the rotor affects yaw behavior, it 
seemed reasonable that the ujnbalancing effect of deflec- 
tion in the loaded rotor, that is out-of -plane blade root 
bending, could also effect yaw behavior. Thus, a study 
was made to determine the cone angle that relieves 
out -of -plane (flatwise) blade bending moments. Since 
removing rotor uptilt and Introducing blade twist im- 
proved the yaw behavior of MOD-0 , these features 
were also Included in the next study configuration. The 
results of the study are shown in Figure 9. The aver- 
aged out-of -plane blade root bending moments are 
plotted vs. rotor cone an^e. These cases were stati- 
cally unbalanced. The flatwise root moment is relieved 
for a cone angle of about 3. 7 degrees, for the rated 
wind speed and power condition studied. The optimum 
cone angle would change for another wind speed since 
the balance of aerodynamic, structural dynamic and 
gravity forces would be different. 

The free yaw behavior of the MOD-0 with optimum 
coning for rated wind speed was studied for several 
blade twist distributions. The results are shown in 
Figure 10. The configuration studied is untilted, with 
3. 7 degree coning, zero hub undersling and zero A3 
angle. The blade twist distributions are multiples of 
the Hamilton Standard twist distribution. All of the 
models trim in yaw closer to the wind than the unconed, 
uptilted base configuration. The case with Hamilton 
Standard twist trims very near the wind. The cases 
with more twist trim more rapidly. Thus, it seems 
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that one way to insure rapid yaw trim behavior for the 
MOD-O wind turbine is to provide highly twisted blades. 


« 18 MPH RATED WIND SPEED 

* APPROXIMATE RATED POWER = 125 kW @ ROTOR 

* HUB UNDERSLING = 0 (STATICALLY UNBALANCED) 

* A3 = 0 



Figure 9 - MOD-0 optimum cone angle 

downwind untilted rotor with Hamilton 
Standard blade twist 



Figure 10 - Effect of twist on optimum MOD-0 yaw trim 


Another way to modify yaw behavior is to include a A3 
angle at the teeter pin. The effects of varying A3 for 
the MOD-O configuration with optimum coning and 
Hamilton Standard twist are shown in Figure 11. The 
convention for positive A3 is shown in the diagram. It 
is also defined as teeter upwind, leading edge downwina . 
The case with zero A3 is repeated from Figure 10 so 
that the effects of twist and A3 can be compared. The 
models with large positive A3 trim in the positive yaw 
region at about +40 degrees . For negative values of 
A3, the trim position moves slightly off the wind. 


The effect of wind speed on yaw behavior was examined 
for the MOD~0 configuration with no tilt, zero hub 
undersling, optimum coning, zero A3, and Hamilton 
Standard twist. Wind velocities higher than rated but 
less than cut-out were studied. For these conditions, 
blade angle was set to raaintain rated power. The wind 
velocities were input to the calculation as gust factors, 
so the wind shear and tower shadow did not change. 

The higher velocities shift the yaw trim position some- 
what, but do not seriously disturb the trim behavior. 

In addition, studies of yaw behavior using several dif- 
ferent wind shear and tower shadow descriptions were 
made. The effect of these factors on yaw trim behavior 
is insignificant. Any configuration which is chosen for 
testing should be investigated for yaw behavior and 
stability at cut-in and cut-out wind velocities. 


CALCULATED RESULTS UNTILTED, NO UNDERSUNG, 3,7 DEG CONE 
HAMILTON STANDARD TWIST 



Figure 11 - Effect of A3 on optimum MOD-0 yaw trim 

So far, the configurations presented which display 
satisfactory yaw behavior had blade twist, optimum 
coning, and static unbalance. The effect of introducing 
hub under sling at the teeter pin (see Figure 8) was 
studied next. For a cone angle of 3. 7 degrees, the 
MOD-0 rotor is statically balanced with a hub under- 
sling of 17. 2 inches. When this was introduced to the 
model, it was seen that the yaw trim position shifts 
significantly off the wind. 

The effect of A3 angle on this statically balanced con- 
figuration with optimum coning is shown in Figure 12. 

A positive value for A3 of 30 degrees provides excel- 
lent yaw behavior. The yaw trim position is within a 
few degrees of the wind and the configuration is quite 
stable. These results show that this type of configura- 
tion is successful in providing good yaw trim behavior 
for free yaw wind turbines. 

Finally, the necessity of blade twist for good yaw be- 
havior was confirmed using a MOD-0 configuration 
identical to that just discussed, but without blade twist. 
Without twist, yaw trim behavior for this configuration 
is unstable. 
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UNTILTED, 3.7 DEG CONE, 
UNDERSUNG = 17.2 IN. 
HA1W1LTON STANDARD TWIST 



Figure 12 - Effect of A3 on the yaw trim of the MOD-0 
balanced rotor 


These studies demonstrate that it is possible to modify 
the MOD-0 to a configuration that balances the forces 
tending to yaw the rotor off the wind, and so achieve 
good yaw trim behavior. Essential elements of the 
design are an untilted rotor, optimum coning and blade 
twists The value of A3 needed to Insure good trim 
position with stability varies with the degree of static 
balance of the rotor, 

CONCLUSIONS 

The conclusions reached from this study are: 

• The F762 computer code model provides a good 
representation for the behavior of the MOD-O 
machine. Specifically, yaw trim behavior, per- 
formance at trim position and teeter angle are 
reasonably well predicted. 


# Assuming that undersling is not possible, the modi- 
fied free yaw MOD-0 configuration should include 
the following: 

No uptilt, as this will reduce the yawing 
moment. 

Optimum coning in order to relie ve blade root 
moments and improve trim behavior. 

- Blade twist in order to improve trim stability 
and performance. 

Calculations show that this configuration would ex- 
hibit a final trim position within a few degrees of 
the wind direction. E is stable for yaw gusts to 
at least ± 60 degrees to the rotor shaft. The con- 
figuration is also stable for hi^er than rated wind 
speed and several different wind shear and tower 
shadow descriptions. 

• In addition to the above factors, the effects of 
hub under sling (rotor static balance) and A3, and 
their interelation were investigated. A stable 
rotor either with or without hub under sling can be 
designed. However, the values of A3 needed for 
each case are different in order to insure good 
yaw behavior. 
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QUESTIONS AND ANSWERS 


From; 

Q: 

ki 

From: 

Q: 

As 

From 

Q: 

A: 

From 

Q: 

A: 


B « Brooks 


Anonymous 

What is the "Hamilton- Standard” twist? 

This is the performance optimized nonlinear twist for the SVU configuration, 

W.C. Walton 

1) Please explain the term "six-degree of freedom hub. ” 

2) How is the tower represented in the analysis (1) by modes? (2) directly by 
finite element model? 

1) Six-^degree of freedom is coupling between the rotor and the tower ^ 3 trans- 
lations^ 3 rotations , 

2) Indirectly by finite element coupled with the six-degree of freedom hub. 
Anonymous 

How sensitive is yaw behavior to gust characteristics? 

The sensitivity of tested yaw behavior to variations in wind speed- are shown in 
Figure 3, Large changes in wind speed produce small effects. Of course j a good 
machine will have yaw damping, 

: y.Y. Yu 

Is F762 code proprietary? 

Tea. 
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THE EFFECT OF 63 ON A YAWING HAWT BLADE AND ON YAW DYNAMICS* 
Frederick W. Perkins and Robert Jones 


Kaman Aerospace Corporation 
Old Windsor Road 
Bloomfield, Connecticut 06002 


ABSTRACT 

A single degree of freedom aeroelastlc computer model, WHSTAB 3 , has been employed to perform a parametric 
analysis of HAWT blade behavior during yaw maneuvers. Over 1,000 different combinations of 63 and normal 
frequency were analyzed. 

The effect of 63 and flapping stiffness on flapping frequency, phase, and magnitude are discussed. The 

moments transmitted to the fixed systan during yaw maneuvers are calculated and reduced to time constants 
of response to step changes In wind direction. The significance of the time constants for the configu- 
rations considered relative to yaw response rate and lag angle Is discussed, along with their possible 
significance for large HAWT. 


INTRODUCTION 

The 63 hinge is a device which mechanically cou- 
ples rotor blade pitching and flapping. The 63 

hinge Is typically employed to stabilize lifting 
rotors by increasing the flapping stiffness and 
reducing flapping. The stiffness Increase also 
increases the flapping frequency, thereby allowing 
flexibility in blade tuning to avoid possible 
structural resonances. 

Negative 63 Is destabilizing. The effect of neg- 
ative 63 Is to reduce the flapping frequency, by 

virtue of reduction In flapping stiffness. The 
reduction in flapping frequency will be accom- 
panied by Increasing flapping as long as the 
flapping frequency Is approaching 1.0 per rev. 

The phase of flapping response to yaw direction 
and rate excitations also changes with adjustment 
of frequency. 

These qualitative observations of the effect of 
63 on the magnitude and phase of flapping 

response to yaw inputs suggested a quantitative 
analysis to determine optimum operating configu- 
rations for spring restrained teetering type wind 
turbines. (The 63 hinge is easily incorporated 

In such a rotor by canting the teeter axis and 
the normal to the feathering axis, as In Fig- 
ure 1.) Because of the large range of flapping 
frequencies and candidate 63 angles considered, a 

simple aeroelastlc model, WMSTAB 3 , was developed 
which could be rapidly executed, yet which 
retained sufficient sophistication to be accep- 
table. More than 1,000 possible operating con- 
figurations were ultimately analyzed to develop 
the data reported herein. 


or phase, or yaw performance, quantified by 
response time and/or restoring or damping 
moments. The operating conditions required for 
optimization are often contradictory. For 
example, it Is possible to eliminate flapping 
In the direction of the tower due to either yaw 
position or rate excitations, but not both sim- 
ultaneously. 


ANALYTIC BACKGROUND 


The equations of motion were derived from funda- 
mental mechanics and a linear aerodynamic repre- 
sentation of the forcing function, paralleling 
Stoddard (Reference 1 ). The equation of motion 
of the flapping wind turbine blade Is 


IfaB + SJ 


K + \ (t ^ 
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The analysis indicates that It is possible to 
optimize rotor flapping with respect to magnitude 


M^XggR 

■ I. 


*The work reported herein was done as part of a 
Kaman Aerospace Corporation In-house R & D 
program. 
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Substituting 


S = Bg + Sis$'l' + Sic'f’^ 


6 ' 


- li - i 

“ 3¥ n 


Mb “ 

1C cc (when flapping frequency is 
constant) . 


into the e£^uation of motion^ neglecting products 
of 3, Uq and their derivatives, and rewriting 

the equation of motion in the frequency domain, 
we have 


K + J Tan 


^ - i % «3 


^ Uq ^3 K - 1 + ^ Tan 6^ 






1 ro 


!T po * MJ - T ir - V 


- 2 “oh ■ N r - ®p;l - 2 q 




I 

TT 

I 

K - 1 + ^ Tan 6^ 


nc 




where terms in harmonics of ^ greater than the 
fundamental are neglected. This system of equa- 
tions is solved in program WNSTAB. 

The use of linear aerodynamics for the forcing 
function retains the essential features of a real 
wind turbine blade, including pitch angle, built- 
in twist, induced velocity, and blade mass, while 
sacrificing the accuracy of a more comprehensive 
aerodynamics analysis. Similarly, the single 
degree of freedom, flapping, retains the essential 
feature of a more comprehensive aeroelastic code, 
the mobility of the blade, while minimizing the 
computational difficulty. Because of the compu- 
tational ease of the analysis, it is very useful 
for the reduction of a large number of candidate 
operating' configurations into general trends. 

The program WMSTAB uses the structural character- 
istics of the Kaman 40 kW wind turbine, where 
applicable, as the baseline. Those variables 
dependent on rotor size are proportioned for 
other radii as follows: 

R cc R^ 

a = R"^ 

Y = R° 


Three rotor radii were analyzed to illustrate 
characteristics dependent oh rotor size. These 
radii (4.88 m [16 ft]; 9.76 m [32 ft]; and 
19.51 m [64 ft]) were taken to be representative 
of small, intermediate, and large wind turbines, 
respectively. 

The equation of motion does not include an offset 
between the yaw axis and the rotor. This offset 
will have both aerodynamic and dynamic consequen- 
ces, principally arising from three sources. 

First, yaw motions impart an out-of-plane velocity 
component to the blade, given by 

where the underscore denotes vector quantities. 

For small values of yaw offset, the magnitude of jr 
is essentially equal to the blade radius at points 
where the aerodynamic forces are large. Hence, 
the effect of yaw offset on blade translations is 
second order, and is neglected. 

Second, for very low normal frequencies, the tilt 
of the thrust vector will dominate yaw dynamics. 
For a true teetered rotor, there are no other yaw 
restoring or damping moments than those given by 
the product of the in-plane component of rotor 
thrust and the yaw offset. The magnitude of these 
moments depends on the exact value of the yaw 
offset so they cannot be calculated for a general 
case. 

Third, the yaw offset will cause the inertia of 
the yawing system to be greater than the flapping 
inertia of the blades alone. The magnitude of the 
mass transfer effect again depends upon the magni- 
tude of the yaw offset, and cannot be computed in 
general . 


FLAPPING ANALYSIS 

Because of the obvious difficulty in referring to 
both the actual flapping frequency and the stiff- 
ness of the flapping spring as some multiple of fl, 
as is customary, the term "normal frequency" was 
coined to refer to the flapping frequency of the 
blade when 63 = 0. Thus, increasing normal fre- 
quency refers to increasing spring stiffness, and 
a given normal frequency blade may have either 
increasing or decreasing flapping frequency, 
depending on <$ 3 . 

Flapping is defined as the amplitude of the har- 
monic portion of the 3 deflections. WMSTAB3 
includes only first harmonic flapping. It is 
probable that this harmonic would include the 
bulk of flapping energy in an actual wind turbine 
because the cyclic inputs leading to higher har- 
monic responses are generally lacking. 
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Figure 2 shows the dependence of flapping fre- 
quency on normal frequency, which is determined 
by the stiffness of the flapping spring, and on 



6^ which greatly affects the strength of the 

aerodynamic spring. The range of normal frequen- 
cies was defined by practical considerations of 
rotor blade design. The relationship between 
decreasing flapping frequency and decreasing 6 ^ 

and the converse, Is apparent. Flapping Insta- 
bilities are suggested by the rapid decay of 
flapping frequencies In the neighborhood of large 
negative 63 angles. 

Figures 3 and 4 show the dependence of total 
flapping Induced by yaw position and rate, 
respectively, on normal frequency and 63. A 

number of trends are evident. First, for 63 > 0, 

increasing normal frequency decreases flapping. 
This is not necessarily so for 63 < 0. Second, 

the total flapping Is determined more by the 
proximity of the flapping frequency to 1.0 P 
than by normal frequency. In fact, the amount of 
flapping available to any normal frequency, given 
suitable 63, is essentially constant. The third 

item of major interest Is that the flapping due to 
yaw position is independent of rotor size, but the 
flapping due to yaw rate increases linearly with 
rotor size for a fixed yaw rate. This Is a conse- 
quence of the gyroscopic moments acting on the 
blade, and gives rise to the yaw dynamics effects 
discussed later. 

Figures 5 and 6 present the phase angle of 
flapping response to yaw position and rate, 
respectively. Horizontal blade position corres- 
ponds to +90°. Consequently, flapping which 
takes place entirely in the horizontal plane has a 
phase angle of +90°. Comparison of Figures 5 and 
6 indicates that it is not possible to totally 
eliminate flapping in the tower direction. Judi- 
cious selection of normal frequency and 63 can, 

however, insure that flapping in the direction of 
the tower will always be small relative to total 
flapping. Note that these phase angles are inde- 
pendent of rotor size, and depend only on the 
flapping frequency (and the pitch angles, a second 
order effect). 

Finally, the flapping induced by yaw direction 
will depend approximately linearly on wind speed, 
while the yaw rate induced flapping Is essentially 
independent of wind speed. 

The data presented in this section may be used to 
estimate the yaw performance of a true teeter 
rotor (zero flapping spring) through the phase 
angles and flapping angles presented. Again, the 
results will depend on a particular design and are 
not included in this analysis. 

YAWING .BEHAVIOR 

The yawing behavior of a wind turbine depends on 
three things: the aerodynamic spring rate, the 

total damping, and the yawing inertia. The gover- 
ning equation of motion 

V“y ^ ^y“y Vy " moments 

can be solved as discussed in many texts of ele- 
mentary dynamics. The contribution of this study 


is the generation of linearized estimates for 
Cy and Ky and the solution of the homogeneous 

equation of motion, after setting ly = I|^, from 

which time constants of yaw response to step 
changes in wind direction were calculated. 

Figure 7 is an illustration of the aerodynamic 
spring constant, Ky, determined by imposing a yaw 

angle of 10°, and normalizing the result to a yaw 
angle of 1.0 radian. The peak of the spring rate 
occurs at the 1.0 P flapping frequency for all of 
the normal frequencies shown. Instability is 
suggested by the very large spring constants in 
evidence for high normal frequencies and large 
negative values of 63. The stabilizing effect of 

positive 63 is also evident by the convergence of 
spring constants for large positive 63, sug- 
gesting that 63 has come to dominate flapping 

dynamics. Note that the yaw spring constant is a 
linear function of rotor size. The spring rate is 
approximately linear with wind speed for fixed yaw 
angle. 

The damping constant Cy is plotted in Figure 8. 

Much of what has just been described for Figure 7 
is also true here. The most notable exceptions 
are that the damping rate was normalized to 
l.Q radi an/sec, and the peak damping occurs at 63 

angles smaller (more negative) than for the cor- 
responding spring rate. The yaw damping rate is 
independent (to first order) of wind speed. 

The spring rates and damping rates are decoupled 
in this analysis. 

The yaw dynamics behavior can be summarized by 
calculating the time constant of response to a 
step change in wind (yaw) direction, as discussed 
above. These data are assembled in Figure 9. 

Two trends, increasing time constant first with* 
increasing 63, and second, with increasing normal 

frequency, are immediately obvious. The time 
constants also increase linearly with rotor size. 

The time constant can be interpreted many ways. 
Also indicated on ordinate axes of Figure 9 are 
the time required to decay to 50% amplitude, and 
the time required to decay to 5% amplitude, which 
numbers are linear transforms of the time con- 
stant. Yet another Interpretation is that the 
product of the time constant and the rate of 
change of wind direction equals the lag angle 
between the wind direction and the axis of rota- 
tion. Because the time constants increase with 
increasing rotor diameter, the data indicate that 
the lag angle for large rotors could be quite 
large, even if the rate of change of wind direc- 
tion Is quite small. Since this lag angle 
degrades performance, the evaluation of system 
productivity, particularly for large rotors in a 
variable wind, should be evaluated with respect 
to the lag (yaw) angles almost certain to be 
present. 
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CONCLUDING REMARKS 

The Incorporation of significant amounts of 6 ^ 

into a horizontal axis wind turbine blade greatly 
increases the options available to the designer. 
The 6 ^ hinge may be used to adjust magnitude or 

phase of the flapping response to either yaw rate 
or direction, thus controlling the mechanical and 
aerodynamic coupling with the fixed system 
degrees of freedom. The effect of 6^ on flapping 

frequency can also be exploited to optimize sys- 
tem dynamics. 

The reduction of the blade flapping data into 
yawing spring and damping constants allows the 
estimation of response time to changes in wind 
direction. The data indicate that large wind 
turbines may suffer Targe lag angles if operated 
where winds vary in direction. This may be a 
source of performance degradation previously 
overlooked. 
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NOMENCLATURE 

a lift slope = 5.73/radian 
C chord 

Cy yaw damping rate 

i cosine 
e offset/R 

g gravitational acceleration 
flapping inertia 

ly yaw Inertia 
Kjj flapping spring rate 
Ky aerodynamic yaw spring rate 
Mj^ rotor blade mass 

P division by n 
q yaw rate 
q q/j2 

R rotor blade radius 

r distance from yaw axis to a point on 
the blade 

$ sine 

Uq crosswind/iJR 

Vy out-of-plane velocity due to yaw rate 
Xg radius to c.g./R 


tty yaw angle 

B flapping angle 
Bq steady harmonic coefficient 

B-|^ cosine harmonic coefficient 

B-|^ sine harmonic coefficient 

Y lock number = pCorVi^ 

63 angle between normal to feathering axis 
and teeter axis 

0 Q built-in linear twist (total) 

0 p pitch angle, + implies increasing thrust 
induced velocity/SiR 
Uq wind velocity/QR 

p air density 
^ azimuth angle 
Q rotational speed 



Figure 1 - Teetered rotor showing 63 due to 

offset between teeter axis and 
the normal to the feather axis. 


298 


TOTAL FLAPPING DEGREES FLAPPING FREQUENCY ♦ 0 (per Rev) 









mmmic m spring rate x % 





QUESTIONS AND ANSWERS 


F^W, Perkins 


Froms J* Cohem 

Qz Can you physically explain the significance of 1.4 P, and its effect on yaw dynamics? 

As 2.4 P is just that normal frequency which maximizes the product of and 3^^ which 

gives the yaw moment, Incerasing K^y consequently the normal frequencyy decreases 
^25 rapidly than increases , 
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VERTICAL AXIS WIND TURBINE DRIVE TRAl!^ TRANSIENT DYNAMICS 


David B, Clauss and Thomas G, Came 
Division 5523 

Sandia National Laboratories 
Albuquerque^ New Mexico 87185 


ABSTRACT 

Start-up of a vertical axis wind 
turbine causes transient torque 
oscillations in the drive train with peak 
torques which may be over two and one-half 
times the rated torque of the turbine. 
These peak torques are of sufficient 
magnitude to possibly damage the drive 
train; safe and reliable operation 
requires that mechanical components be 
overdesigned to carry the peak torques 
caused by transient events. A computer 
code, based on a lumped parameter model of 
the drive train, has been developed and 
tested for the Low Cost 17-Meter turbine; 
the results show excellent agreement with 
field data. The code has subsequently 
been used to predict the effect of a slip 
clutch on transient torque oscillations. 

It has been demonstrated that a slip 
clutch located between the motor and brake 
can reduce peak torques by thirty eight 
percent. 

INTRODUCTION 

Transient events during operation of 
Darrieus vertical-axis wind turbines can 
cause torque levels in the drive line 
which are unacceptable for many 
components. Start-up and braking in 
various ambient conditions are typical 
events during which peak torques may reach 
excessive magnitudes. Experience with 
research vertical axis wind turbines 
(VAWT) indicates that peak torques of 2 to 
3 times rated torque are typical during 
starting and braking, which implies an 
undesired overdesign of drive-line 
components. The objective of the present 
investigation is to develop an analytical 
tool which can be used to predict 
drive-train behavior for several different 
loading conditions. 

Analysis is needed to determine which 
starting and braking methods are most 
effective in reducing the peak torques 
seen in the drive-line. Areas deserving 
investigation include start-up in high 
winds, as well as electrical and 
mechanical methods (clutches) designed to 
achieve a softer start. The relative 
effectiveness of low speed vs. high speed 
braking, and definition of a braking rate 
which will decrease dynamic amplification 
to an acceptable level also merit study. 
Although this paper will deal primarily 
with turbine start-up in zero ambient wind 
speed and the effects of a slip clutch on 
transient response, the model can easily 
be adapted to study the problems mentioned 
above. 


The model and the numerical results 
as well are based on experimental data 
obtained on the Low Cost 17M VAWT 
installed at Rocky PlatS/ GO, Figure 1. 

The method, however, is essentially 
general to all VAWT's. A Fortran program 
called DYDTA (DYnamic Drive Train 
Analysis) numerically evaluates the 
differential equations of motion and plots 
results. 



Figure 1. DOE/ALCOA Low Cost i7M 

Vertical Axis Wind Turbine 

INSTALLED AT RoCKY FlATS^ CO, 


THE DRIVE TRAIN MODEL 

Typically, a VAWT drive train consists 
of the turbine rotor (blades and rotating 
tower) , the transmission, a brake disc and 
an induction motor /generator which are 
connected in series by shafts and 
couplings. Additional mechanical 
components may be present, and the drive 
train topography may vary depending upon 
the specific turbine design. Additional 
components may include a timing belt (for 
incrementai adjustment of turbine 
operating speed) and/or a slip clutch. 

The position of the brake relative to the 
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transmission and clutch^ if present? is 
the most variable element in drive train 
topography. For instance on the Low Cost 
17M turbine at Rocky Flats? Figure 1? the 
brake is on the high speed shaft? whereas 
earlier turbines have had the brake on the 
low speed shaft. 

The transient response depends on the 
natural characteristics of the system and 
the functional form of the applied 
torques- The physical representation of 
the drive train is shown in Figure 2? 
along with physical values for the Low 
Cost turbine- For generality the model 
includes the slip clutch? as well as 
applied torques on each inertial element. 
Several assumptions are made? all of which 
may not be applicable to a given VAWT 
design. The low speed shaft is considered 
to be the only significant stiffness in 
the system since? in an equivalent system? 
it appears much softer than both the high 
speed shaft and the rotating tower. As 
larger turbines are built and tower height 


ROTOR 



“ motor inertia 
Jg ^ brake inertia 
~ rotor inertia 

C = Viscous damping 


= 1.291 Ib-ft-s^ 
= 1.598 Ib-ft-S^ 

= 4.042 X 10^ 
Ib-tt-s^ 

= 1.1 X 10^ 

Ib-f t“S 


= low speed shaft - 8.626 x 10^ 
stiffness Ib-ft 

n^ = timing belt ratio = 1, 40/38? 44/38 

n^ - transmission ratio = 35.07 

■^MOT " torque, 

^BRK = brake torque, 

’’^ROT " aerodynamic torque, t) 


Figure 2. Physical Representation of 
VAWT Drive Train. 


increases? the tower stiffness may 
approach the same value of stiffness as 
the low speed shaft? and at some point 
tower stiffness may have to be included in 
the model- On the other hand? the effect 
of the transmission's gear ratio on the 
equivalent stiffness of the high speed 
shaft seems to insure that the high speed 
stiffness will remain large relative to 
low speed stiffness? and thus the high 
speed shaft can be effectively modeled as 
a rigid element- The motor torque curve 
as specified by the manufacturer is 
modified by a constant scale factor less 
than one? which is related to the voltage 
drop in the line. For an induction 
motor/generator? torque is proportional to 
voltage squared? so that a 20% drop in 
voltage will cause a 36% reduction in 
motor torque. The assumption of a 
constant motor scale factor implies that 
the voltage drop? and thus the current 
drawn by the motor are independent of 
motor speed? which is only approximately 
true. Also? nonlinear effects such as 
Coulomb friction? aerodynamic damping? and 
drive slack are not treated. All losses 
are represented by viscous damping - 

The equations of motions describing 
the torsional response of the drive train 
can be easily written by drawing free body 
diagrams for each inertial element? Figure 
3? and equating the torque on each to 
zero. This method is preferred because it 


7‘mot 


.^1 


tcyhi 


Jm 


Tc 




"Tbrk 

Ti/na 


JB 



Figure 3. Free Body Diagrams for 

Writing equations of motion. 


permits treatment of the nonlinear effect 
of the clutch in a simple way since torque 
through the clutch can be expressed 
explicitly. Referring to Figures 2 and 3, 
Tq and Tg are defined and calculated 
as follows s 

Tg = torque transmitted through low 
speed shaft? 

Ts = \ (64-95) + "=(94-65) ' (1) 

Tc = torque transmitted through slip 
clutch. 
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The equations of motion can now be written 
directly s 


'^MOT 

- V»l' 

(2) 

^863 = - 

"^BRK ■ 

(3) 

Vs = 

ROT' 

(4) 


Epgagepent of the slip clutch implies 
that 02 - 93 / so that the motor and 
brake move together* Multiplying equation 
(1) by nj^ and summing the result with 
equation (2) s 

1 M®*1 ^ ^1*^M0T ~ '^BRK ” 


where the clutch imposes a constraint of 
the form 

1. 1 1 "^max ' ( 5 ) 

Tjuax ® maximum torque passed by 
clutch. 

The slip clutch typically consists of two 
mating frictional surfaces which are 
connected to the driving and driven 
shafts, respectively. These frictional 
surfaces are compressed together by a 
spring, so that the normal force, surface 
area, and friction coefficients determine 
the maximum torque transmitted by the 
clutch, ^max adjusted by 

changing tne spring deflection. 

The clutch is always operating in one 
of two conditions; it is either engaged, 
in which case the velocities on either 
side of the clutch are equal, or it is 
slipping, in which case the velocities are 
unequal and the clutch torque is equal to 
± *^max« torque speed characteristic 

of an ideal clutch is shown in Figure 4. 
Note that Tj^a^ is a restoring torque; 
that is, it IS in a direction that will 
tend to re-engage the clutch. 





Figure 4. Torque vs. Speed Difference - 
Ideal Clutch. Assumes static 

FRICTION COEFFICIENT EQUALS 
DYNAMIC FRICTION COEFFICIENT. 


With this understanding, two distinct 
sets of unconstrained equations of motion 
can be written corresponding to the two 
operating states of the clutch, which will 
be referred to as the engagement and slip 
equations, respectively. 


The equations can be simplified by making 
the following variable transformation and 
taking advantage of gear relations 


^1 = 02 = 


(7) 


H “ " ’^ 2®4 ' ( 8 ) 

'•’3° ’^2®5 • <9) 

Thus the complete set of engagement 
equations can be written 



t v*i ■ 

ffiRK 

(10) 

- 







(11) 

h = 




^RE^3 

= 

■^ 3 ) + Cg(i;243) 

(12) 

+ 

"^ROt/”2 ' 



where 

Jme 

= 

(13) 


Jre 

= JR/(n2)2, 

(14) 


Kle 

= Ki./(n2)2, 

(15) 


Ce 

= C/(n2)2. 

(16) 


Slipping of the clutch decouples the 
motor from the brake and rotor, so that 
the slip equations describe two 
independent systems as shown in Figure 5. 
Slip implies a velocity difference across 
the clutch and that the torque transmitted 
through the clutch is a constant ± 

Tjjjax* Again taking advantage of 
equations (7) - (9) and equations (13) - 
(16) , and making the substitution 

“ ± ^max 


r 

r 

Tbbk 



T mot 

J 

T“max Tmax 

M ^ 

Kl.C 

B 

^ ROt 

Figure 5. Representation of 

Jr 

Drive Train 


FOR CLUTCH SLIPPING, 


the final form of the slip equations 
becomes 
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Jme'J' 1 = ni%0T + Tmax d®) 


•^6^2 i '^max ” '^BRK 

- 0 ^( 5 - 243 ) 

'^RE^3 " *^LE^'f’2"'^ 3’ '^R0 t/’^2 . . 

+ Cg(4-2-'f3) 


(19) 

(20) 


where positive for motor 

over speed. 


The conditions for initiation of slip and 
for re-engagement are somewhat more 
subtle, although intuitively simple. 

Assume that, at time equal zero, the 
clutch is engaged. Slip initiates when 
the clutch torque equals Tj^^ax 
continued engagement would tend to violate 
the constraint, equation (5) . Stated more 
rigorously the initiation of slip occurs 
when 



0 zoo 400 600 800 1000 1200 1400 1800 18 Q 0 2000 


SPEED'RPM 


Figure 6. Torque-Speed characteristic 

OF AN INDUCTION MOTOR. 


'^Ce - %ax 


(21) 


and 


dT, 


Ce 


dt 


> 0 


( 22 ) 


where the subscript e indicates the result 
obtained from the engagement equations. 

If Tge negative, then inequality (22) 
is darected in the opposite sense. Now 
assume tha^ the clutch is slipping, so 
that ^2 f ^2' Re-engagement occurs 
when the velocities across the clutch 
become equal again: 


e 


2s 



(23) 


and if 


At re-engagement there must be a 
discontinuity in acceleration, which 
implies a discontinuity in the clutch 
torque. This is consistent with the 
characteristics of the clutch as shown in 
Figure 4, since when Aw = 0 (as it is at 
re-engagement) , the clutch torque may be 
any value between positive 
negative Tj^ax- 


Thus, a basic algorithm would be to 
use the engagement equations until 
equatiohs (21) and (22) are satisfied 
(slip initiates) , and then to apply the 
slip equations until equation (23) is met 
(re-engagement) , at which point the 
algorithm is applied recursively. 


A great deal of insight can be gained 
from an examination of the natural 
characteristics of the system, especially 
in the case of start-up. The remainder of 
this paper will focus on start-up in a 
zero ambient wind speed. The motor 
torque-speed characteristic has a 
significant impact on the natural 
characteristics of the system. A typical 
induction motor curve is shown in Figure 
6. It is important to realize that motor 


torque is a function of motor speed, not 
of time. Torque ripple models 
developed! by Reuter have treated the 
induction motor/generator mechanically as 
an inertia connected to ground through a 
linear viscous damper. Referring to 
Figure 6 the torque-speed relationship is 
indeed linear for steady state operation 
(1740 < w < 1860 rpm) , However, during 
start-up the motor speed goes from 0 to 
1800 rpm and the torque-speed relationship 
cannot be represented as a linear 
element. From an intuitive standpoint, it 
is most clear to think of the motor torque 
characteristic as a non-linear damper, 
which has a coefficient dependent on rpm, 
superimposed on a step torque, though in 
the code and model it is treated as an 
applied torque. To be clear, the motor 
torque should not be considered to be an 
external torque because it is not 
independent of the state of the system. 
With this in mind, the free vibration 
characteristics of the drive train during 
start-up can be considered. 

The natural characteristics of the 
system also depend on the operating state 
of the slip clutch, when the clutch is 
engaged, there is an effectively rigid 
connection between the motor and the brake 
so their respective inertias may be lumped 
together, and the system can be 
represented as shown in Figure 7. On the 
other hand, slipping decouples the motor 
and creates two independent systems. 

Figure 8. The latter case will not be 
treated in detail, however, it is apparent 
that the fundamental frequency of the 
decoupled system in 8(b) will be higher 
than that of coupled system in Figure (7), 
and that the isolated motor. Figure ‘8(a) 
moves as a rigid body. 

Due to the nonlinearity introduced 
into the system by the motor and clutch, a 
linear eigenvalue analysis is not truly 
applicable. The equivalent motor damping 
changes continually so that the natural 
frequencies and mode shapes are a function 
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of speed* However , an approximate 
analysis can be done by considering two 
subcases based on motor speed less than or 



Cm = NONLINEAR DAMPING REPRESENTING MOTOR 


Figure 7. System representation with 

CLUTCH ENGAGED. 



8(a) 


8<b) 


Figure 8, System representation with 

CLUTCH slipping. 


greater than the motor breakdown speed, 
respectively. Up to the breakdown speed 
the maximum absolute instantaneous motor 
damping results in a critical damping of 
approximately minus nine percent f and 
consequently the damping does not greatly 
affect the natural frequencies up to 
breakdown speed. Note that negative 
damping has the same effect on frequency 
as positive damping (1 d.o.f., 
s / 1 ~ wn) r but the opposite effect on 
mode shape {in Figure 7, negative damping 
from the motor tends to increase the 
oscillations of the motor and brake 
relative to the rotor) . Thus, up to 
breakdown, damping is negligible and the 
system can be viewed as shown in Figure 
9 (a) . The natural frequencies and mode 
shapes of the 



9(a) 


9(b) 


Figure 9. System representation with 

CLUTCH ENGAGED AND MOTOR 
SPEED < 1720 RPM. 


system in Figure 9(a) are easily 
determined. The results are 




0 , 


V Js^RE 


= 0, 2.586 HZ 


( 24 ) 


,( 1 ) _ 


i.oool 

,.<2)_ 

[ 1.000 

i.ooo| 

/ u = , 

1 ^ 



1 - S RE 





(25) 


RE 


1.000 

-0.083 


The mode shape indicates that the 
generator/brake is moving with much 
greater amplitude than the rotor, so that 
the mode basically represents the 
motor/brake winding up about the low speed 
shaft. Figure 9(b). Indeed, if j » 
(typically the case for VAWT*s) , ^ 
equation (24) can be approximated by 




which corresponds to the frequency of the 
system in Figure 9(b). 

As previously discussed, when the 
motor speed is greater than the breakdown 
speed, the torque is nearly a linear 
function of speed, with a very large 
negative slope. This slope, and thus the 
effective damping, is a function of the 
rated power, the synchronous speed, and 
the slip at rating for an induction 
motor/generator s 

n ~ ^rated 


as given in [2] * 

For the Low Cost turbine this 
corresponds to a critical damping factor 
of over 200%, which indicates that the 
generator/brake oscillation will be very 
small. As an approximation, the generator 
can then be considered to be fixed when 
the motor speed is greater than the 
breakdown speed, as shown in Figure 10, so 
that the first mode resembles the rotor 
winding up on the low speed shaft. 
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Figure 10, System representation with 

CLUTCH ENGAGED AND MOTOR 
, SPEED > 1730 RPM. 


The frequency for the system in Figure 10 
is simply 



EXPERIMENTAL RECORD - BASE CASE 

The Low Cost 17M turbine at Rocky 
Flats is instrumented with a torque sensor 
located on the low speed shaft. A typical 
start-up record taken in zero ambient wind 
speed is shown in Figure 11. The 
experimental record was used to develop a 
base case which could be used to verify 
the predictive capabilities of the model r 
as well as to fix certain parameters that 
could not accurately be calculated 
analytically or experimentally. The 
parameters which were varied were the 
viscous damping coefficient and the motor 
scale factor. There are several 
characteristics which are typical of a 
start-up records the initial overshoot 
and subsequent decays and then the growth 
of torque oscillations to the largest peak 
torque, and the frequency shift that 
occurs just after the peak is reached. 

Note that the maximum torque (40,000 
ft-lb) is over 2.5 times the rated turbine 
torque (15,000 ft-lb) . The time to start 
is also an important characteristic. 
Several non-linear effects are apparent in 
the record as well? the decay envelope is 
not smooth, which indicates non-viscous 
damping, and gear slack is evident (note 
the ’notch’ when the sign of the torque 
changes near the end of the record) . The 
model does not attempt to explain or 
predict these non-linear effects. 

DYDTA results for this base case are 
shown in Figures 12-15. Varying the motor 
scale factor changes the starting time and 
the magnitude of torque, while varying the 
viscous damping coefficient primarily 
affects the initial rate of decay and to a 
lesser extent the magnitude of torque 
oscillations. The final value for the 
motor scale factor is 0.665, which 



TIME(SEC) 

Figure 11, Experimental Record - Low 

SPEED SHAFT TORQUE VS, TIME 
FOR THE LOW COST TURBINE 
START-UP IN ZERO WIND, 



TfME(SEC) 

Figure 12, DYDTA prediction - low speed 

SHAFT TORQUE VS, TIME DURING 
starT“UP in zero wind - NO 
CLUTCH. 



0.0 2.0 4;P 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 


TIME-SEC 

Figure 13, DYDTA prediction - motor 

TORQUE vs, TIME FOR START-UF 
IN ZERO WIND - NO CLUTCH, 
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Figure 14. DYDTA prediction motor 

SPEED vs. TIME FOR START-UP 
IN ZERO WIND - NO CLUTCH. 



Figure 15. DYDTA prediction - rotor 

SPEED vs. TIME FOR START-UP 
IN ZERO WIND - NO CLUTCH. 


corresponds to an 18% voltage drop in the 
line. This is not unreasonable as the 
current drawn by the motor is rather high 
and the line is fairly long at the Rocky 
Flats site. Obviously the scale factor 
depends on the particular motor and 
electrical arrangement for a given VAWT 
design. The viscous damping coefficient 
was determined to be 1.1 x 10^ 

Ib-ft-sec, corresponding to a damping 
factor of approximately one percent. This 
is insignificant compared to damping 
provided by the motor and thus the 
influence of viscous damping due to the 
structure on the response is negligible. 

The results from DYDTA, after 
adjustment of the scale factor and viscous 
damping coefficient, show excellent 
agreement with the field data (Figure 11) , 
and the simple drive train model can be 
used to explain the characteristics 
typical of a VAWT start-up in zero wind, 
DYDTA correctly predicts the magnitude of 
the initial overshoot and the subsequent 
decay. The initial overshoot is due to 
the step in torque which occurs when the 


motor is turned oni the amplitude should 
be approximate ly twi ce the initial motor 
torque (locked rotor tprque). When the 
motor speed is less than the pull-up speed 
(725 rpm) the motor contributes a small 
amount of positive damping, and together 
with the viscous damping due to the 
structure it causes the osc illations to 
decay in the typical envelope fashion. 
However, the rate of decay constantly 
decreases and eventually becomes zero as 
the damping from the motor goes from 
positive at locked rotor to zero at 
pull-up and becomes negative beyond that. 

The growth of torque osci Hat ions 
occurs when the damping produced by the 
motor becomes negative, an effect also 
predicted by DYDTA, Figure 12, Negative 
damping results in energy addition to the 
system, which causes an unstable growth in 
the amplitude of the torque oscillations. 
The maximum torque seen by the low speed 
shaft occurs at approximately the time the 
motor breakdown speed is reached, when the 
motor damping changes rapidly from 
negative to positive. As explained 
earlier, there is a frequency shift at 
this point as wells prior to breakdown, 
the total damping is relatively small, and 
thus it does not significantly affect the 
1st fundamental frequency. Since the 
rotor inertia is much larger than the 
motor /brake inertia, the vibrational mode 
basically consists of the motor/brake 
winding up on the low speed shaft. Past 
breakdown the large positive damping 
produced by the motor effectively reduces 
the motor/brake vibration to zero, so that 
the first mode shape becomes the rotor 
oscillating about the low speed shaft. 
There is a significant decrease in the 
fundamental vibrational frequency past 
breakdown due to the large size of the 
rotor inertia relative to that of the 
motor/brake. Again, DYDTA is in very good 
agreement with field data with regard to 
these phenomena. DYDTA also matches 
experimental records on starting times, 
which essentially depends on rotor inertia 
and mean motor torque. 

Figure 13 demonstrates the variation 
of motor torque as a function of time, 
which is another critical aspect of VAWT 
start-up. Up until breakdown the motor 
draws very high levels of current r and the 
motor can draw high power for only a short 
period of time. Past breakdown the 
current is reduced, so it is clearly 
advantageous to reduce the time to 
breakdown (tBp) much as possible. 

For the base case tsD is about 14,7 
seconds. Figures 14 and 15 show the 
speeds of the motor/brake and rotor, 
respectively as functions of time. They 
serve to verify that the turbine 
successfully comes up to speed, as well as 
to substantiate what has been said earlier 
in regard to the mode shapes (the rotor 
motion is almost entirely a rigid body 
mode whereas the motor contains a 
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significant amount of oscillation about 
the rigid body mode) * 

CONTROL OF TRANSIENTS WITH A SLIP CLUTCH 

High torques experienced in the low 
speed shaft of the Low Cost I7M turbine 
resulted in the investigation of a slip 
clutch as a possibility for reducing peak 
torques, DYDTA has been used to analyze 
the effect of a slip clutch on torque 
levels during start-up. The results 
indicate a clutch could significantly 
lower the peak torques seen by the low 
speed shaft/ with the following secondary 
benefit. The clutch also reduces the time 
to breakdown for the motor (tBp ) f which 
reduces the current drawn by the motor and 
protects it from overload. It appears 
that an appropriately chosen clutch would 
be well within margins of safety with 
respect to heat dissipation and power 
absorption capabilities. 

The characteristics of a typical slip 
clutch were discussed earlier? recall that 
the clutch passes torque uniformly up to 
some maximum value (Tjj^ax) which can be 
adjusted by changing the deflection of a 
compression spring. With this in mind a 
parametric study was done using DYDTA to 
determine what value or range of Tj^j^x 
would best reduce torque levels. 

Obviously Tj^^^x should be above the rated 
turbine torque, which is 427 ft-lfos 
(15,000 ft-lbs referred to the low speed 
shaft) , or else power could be absorbed by 
the clutch during normal operation. 

The optimum value for T^^^x bhe 
Low Cost turbine appears to be 475 ft-lbs 
(16,700 ft-lbs referred to the low speed 
shaft) , for which the results predicted by 
DYDTA are shown in Figures 16-21, With 
the clutch present, the maximum torque in 
the low speed shaft occurs during the 
initial overshoot, and its magnitude has 
been reduced 38% from 40,000 ft-lbs to 
25,000 ft-lbs. The growth of torque 
oscillations does not occur because 
slipping of the clutch decouples the motor 
from the drive train, thereby isolating 
the low speed shaft from the negative 
damping produced by the motor. Note that 
the torque in the low speed shaft can 
exceed <3espite the clutch, because 

of the inertial reaction of the brake. 

This implies that the slip clutch should 
be located as close to the component 
needing protection as is physically 
possible. 

The clipping action of the clutch is 
demonstrated in Figure 17? the torque 
transmitted through the clutch cannot 
exceed Tj^qx* discussed previously, a 
secondary benefit is that the clutch 
reduces tsp for the motor. Figure 18 
shows that the high torque part of the 
motor curve is sped through very rapidly, 
and tsB is reduced to 12.6s from 14.7s 
for no clutch. 



TIME(SEC) 

Figure 16, DYDTA prediction - low 

SPEED SHAFT TORQUE VS. TIME 
DURING START-UP IN ZERO 
WIND WITH CLUTCH. 



Figure 17. DYDTA prediction - torque 

TRANSMITTED THROUGH CLUTCH 
VS. TIME DURING START-UP 
IN ZERO WIND WITH CLUTCH. 



Figure 18. DYDTA prediction - motor 

TORQUE vs. TIME FOR 
START-UP IN ZERO WIND WITH 
CLUTCH . 
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TtME-SEC 

Figure 19. DYDTA prediction - motor 

SPEED vs. TIME FOR START-UP 
IN ZERO WIND WITH CLUTCH. 



Figure 20, DYDTA prediction - clutch 
SPEED (rotor side) VS. TIME 
FOR START-UP IN ZERO WIND. 


Figures 19 and 20 can be compared to 
determine at what times the clutch is 
slipping^ The power dissipated in the 
clutch as a function of time, and the 
total heat dissipated (obtained by 
integrating the power curve) are shown in 
Figure 21 « 

CONCLUSIONS 

DYDTA represents an initial step 
towards understanding and analyzing 
methods of controlling transient behavior 
in VAWT drive trains. Results for 
Start-up in zero wind speed show 
exceptional agreement with experimental 
records on the Low Cost 17M turbine, thus 
providing verification of modeling 
accuracy, DYDTA is currently being used 
to predict responses for several different 
transient operations and possible design 
modifications intended to reduce transient 
torque levels. It is expected to become a 
versatile, easily implemented drive train 
design tool, 
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Figure 21, DYDTA prediction - power 
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QUESTIONS AND ANSWERS 
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D«B« Claus s 


I.P« Ficenec 

What value of damping was used for the transmission system and how was this estab- 
lished? 

3 

The value of damping is 1,1 x 10 Ib-ft-seOj and this was established by varying 
the damping ooeffioient in the oode until the analytic results agreed well with 
observed data for start-up, I might add that this damping coefficient yields a 
critical damping of ^^1%^ and consequently does not strongly influence the turbine 
response , 

! G. Beaulieu 

1) In order to have full automatiG control of the turbine, would you also have a 
maximum power or maximum windspeed cut-off, at which time the turbine would be 
stopped? 

2) Since you have introduced nonlinearities into your model, what numerical method 
of solution have you used in your computer code DYDTA? 

1) Studies involving this aspect of automatic control are in the planning stages. 

2) The equations of motion are numerically evaluated using a library routine which 
employs a variable order- Adams method. 

i Mike Bergey 

Was the wind data for Oklahoma City from a National Severe Storms Lab report? 

lesy the data was located for Sandia National Labs by James Connell of PUL. The 
national Severe Storm Labs had recorded the data in 1976 and transferred the data 
to the national Center for Atmospheric Research where Dennis Joseph provided mag- 
netic tapes for dissemination. 

: W.C. Walton 

You have treated the rotor as rigid. Do you think rotor elasticity has any bearing 
on the dynamic phenomena related to drive train stability and response? 

For VAnT*s the size of the Low Cost n-M turbine j we are fairly confident that rotor 
elasticity does not strongly influence drive train stability or drive train response 
because the rotor structure appears much stiffen than the low speed shaft. This 
iSy however y a question we will have to deal with for different turbines . 

: P 4 Anderson 

Does the induction machine model include rotor electrical transients? What time 
step size was used for start-up simulations? 

The model does not include electrical rotor transients y nor am I certain of their 
influence on the mechanical system response . The step size is shown by the inte- 
grator based on the rate of change of the dependent variables y it varies tremendous- 
ly depending on the smoothness and volatility of these functions . 

: Rowley Camedav 

Have you seen reflection of torque spikes back into rotor structure during emer- 
gency braking? 

The model which has been used so far treats the rotor structure (turhvne tower 
and blades) as essentially a rigid inertial element y so that analytically we have 
seen no such reflection , From a qualitative standpoint y however y there is cer- 
tainly some reflection of torque spikes onto the rotor structure during emergency 
braking y although they are probably not as severe as in the low speed shaft. 
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This paper Ascribes the dynamic and stability 
properties of wind turbine generators connected to 
power systems* Beth synchronous and induction gei^ra- 
tors are considered* A ccxtipariscm is mde between wind 
turbines, steam, and hydro units* The unusual phenol 
associated with wind turbims are emphasized* The 
general control requiranents are discussed, as well as 
various schemes for torsional danping such as speed 
sensitive stabilizer amdi blade pitch control* Interac- 
tion between adjacent wind turbines in a "wind farm" is 
also considered* 


. 1 , imfmm m 

The purpose of this paper is to provide an 
overview of the general dynamic diaracteristics of wind 
turbine generators in electric power systems and to 
discuss the impact of variations in system design and 
control* 

Wind turbine generators possess some special 
characteristics not ^ared fcy steam and hydro units* 
The obvious one is the variability of the source of en- 
ergy* TWo others, which are less obvious, are the high 
turbine inertia and the low effective ^af t stiffness 
between turbine and generator. These unusual torsional 
characteristics have several interesting consequences. 
First, WTGs have a low frequency (<0.5 Hz) torsional 
mode, ^^ich has to be damped, particularly if the tur- 
bine is equipped with blade pitch control* Second, the 
low stiffness shaft system gives WTGs very good tran- 
sient stability properties. Third, matching of fre- 
quency, 0iase angle and voltage prior to syndhroniza- 
tion is less important. Fourth, the two significant 
torsional modes are practically decoupled* One is de- 
termined by turbine inertia and effective shaft stiff- 
ness, the other by generator inertia and electrical 
stif fr^ss. This has favorable implications for multi- 
machine installations. Interaction of low frequency 
torsional modes is very unlikely. 

In most of the analysis presented here, attention 
is focused on single wind turbine generators supplying 
an infinite l^s thrcaigh an external hipedance* This 
simple oonf i^ration facilitates system and control pa- 
rameter variation over a wide range and provides in- 
sights into the general characteristics of wir^ turbine 
generators. It is subsequently shown l:«>w groups of 
wind turbine generators interact and how the results of 
the single machine case can be extencted to the 
multi-machine case. 


The material in the paper is organized as follows? 

o The general characteristics of wind turbines 
as they relate to dynamics and control are 
described in Stection 2. This section ana- 
lyzes the significance of drive train con- 
figurations, discusses modal analyses and 
evaliBtes the differences between ^chronous 
and induction generators. 

o In Section 3 the general control requirements 
as well as achual turbine control systems are 
outlined and conpared with those for steam 
and hydro turbine generators. Various meth- 
cx3s of torsional damping are discussed and 
cxxnpared. 

o Dynamic and transient stability properties 
are presented in Section 4. 

The results reported in this paper are based on 
analytical work cartied out for the Wind Systems Branch 
of the U.S. Department of Energy, the Wind Energy Pro- 
jects Office of the National Aeronautics and Space Ad- 
ministration, and Sandia Laboratories. 

Figure 2.1 is the basic block diagram of a turbine 
generator system. The peculiarities of a WTG ccxnpared 
to conventional turbine generators lie in the variabil- 
ity of the energy supply, the characteristics of the 
wind turbine as an energy conversion device, and the 
geometry of the turbine, shafts, gears, and generator 
which comprise the torsional ^stem. 



Figure 2.1 Turbine Generator System 

At the present tin^, the horizontal axis propeller 
turbine and the vertical axis Darrieus turbine are the 
most likely choices for ocxnmercial electric power gen- 
eration. (Figure 2.2). Both are low-speed machines 
with large diameter, high inertia rotors. Typical 
rotor speeds for large turbines {>1 M) are 20-50 rpm. 
Typical per unit rotor inertias referred to turbine 
rating are 5-15 seconds. The large diameter, high inr- 
ertia rotors are a result of the relatively low energy 
density of wind. Average wind energy densities in fa^ 
vorable locations are less than one thousand watts per 
square meter of area swept by the rotor. Both types of 
turbines achieve their best extraction efficiencies at 
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tip spee^wind speed ratios of 6-8^ In that range ? the 
efficiency is approximately The tlieoretical rraxi- 
mum efficiency is 0*59^ The large rotor diameter re- 
quired for energy capture and the tip speed/wind speed 
ratio required for qoo6 efficiency determine rotor 
speed. 



j^Darrieus l^Wiiid Down-Wind 


Figure 2.2 Wind Turbine Designs 

Most large wind turbines operate at constant 
speed, driving standard three-phase ac generators. 
J^chronous as well as induction generators are used. 
Generators of suitable dimensions and reasonable cost 
are four- or six-pole machines with synchronous speeds 
of 1800 or 1200 rpm. The large difference between tur- 
bine and generator speeds makes gearboxes essential 
elements of wind turbine generator drive trains. The 
consequence of the gearbox in terms of drive train dy- 
namics is low mechanical stiffness between generator 
and turbine when viewed f ran the generator. Figure 2.3 
is a canparison of typical inertia-stiffness relation- 
ships in steam, tydro, diesel, and wind turbine genera- 
tors. The unusual characteristics of WTS drive trains 
are evident from this comparison. The WTX3 is the only 
turbine generator in utility networks with a mechanical 
stiffness lower than the electrical stiffr^ss 
{synchronizing torque coefficient) [2] . 


an equivalent ^^synchronizing coefficient.®* Irrespec-- 
tive, therefore, of the tyge of ger^rator, the tor- 
sional coupling between gemrator and synchronous fr^^ 
has t^en repre^nted as a torsional spring. Figure 2.5 
shews mo^ shapes and nx>dal freqpencies of the 2.5 ^ 
lOD-2 horizontal axis WTG designed ly Boeing. Figure 
2.6 shews the mode di^^s and modal frequencies of the 
2.0 M M)D-i horizontal axis WTX3 <fesigned fcy General 
Electric, and Figure 2.7 ^picts the CTne information 
for the 60 kW, 17 n^ter vertical axis Darrieus WTG de- 
signed Sandia Laboratories* Even though the three 
machines are very differeit in size and design, the 
mode ^apes are quite similar. The elechric:al stiff- 
ness selected for this analysis is 2.0 pi. This is a 
t^ical value for machine, network and loading in a WTG 
^stem. The lowest torsional mode in Figures 2.5, 2.6 
and 2.7 represents oscillation of the turbine rotor 
through the shaft against generator and infinite tns 
^uivalent of the electric^al lyston. Since electrical 
stiffness is much hi^er than a^^rent mechanical 
stiffness, the relative torsional amplitude of the gen- 
erator rotor is very anall. It is evi<3tent that the 
f requency of this mode is alicKist entirely determined by 
turbine inertia and shaft stiffness, not ly electrical 
pirameters. 


Synchronizing 
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(a) Synchronous Generator 
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Figure 2.3 Cemgatison of I^ive Trains 
of Typical Turbine Generators 

For analysis of the wo6b ^apes the electrical tie 
of the synchronous machine can be represented ly a 
torsional spring (Figure 2. 4. a). A low slip induction 
generator may be represented fcy the block diagram ^ewn 
in Figure 2.4.b. This simplified representation in- 
cludes the rotor dynamics of a single rotor circuit and 
anbraces an algebraic solution of the network. T®^ is 
typically 1 second and D lies in the range 50 to 500 
p.u. It is evident that over the frequency range of 
interest the dynamics of both machines are similar, and 
that the induction generator can also be represented by 



Figure 2.5 Jtxfe Shapes of H)D-2 WQ 
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nK)de« Hie noimi ag^oKimation for stability mtk is 
to canbim all inertias into a single inertia connected 
to the electrical system throu# the ^pi^al^t eleo- 
trical stiffness* In a contrast? the gemrator 
inertia can consi^red decoupled f r<M the hub and 
bla^ ir^rtias in the electrical The effective 
stiffness between generator turbii^ is very low* 
Relatively hi^ ^electrical** mo(te fre<^^ are then 
p>ssible due to the i^arly unconstrained motion of the 
generator imrtia against the electrical systaa* 


Hie overall linearized block diagram of a TOG? 
including pitch control? torsional systan? generator? 
electrical systen? and provisiois for ftopir^ the first 
torsional roc^? is ^own in Figure 3*1 • 


Figure 2*6 Mo^ Shapes of MOD-1 WOJG 


6CM TIWH TR81 1^82 

0 *0 jj. ..... 2 



« j . . . . . . , .• . . ^.61% HZ tSHRFD 



Figure 2»7 Mode Shapes of Sandia 17 M WH5 

The second torsional mode in Figures 2*5 and 2*7 
and the third mode in Figure 2*6 represent oscillation 
of the generator rotor through the electrical stiffness 
against the equivalent infinite bus* Hirbine rotor 
participation in this "electrical" mo^ is insignifi- 
cant* The frequency of this mcxfe is primarily deter- 
mined ly generator inertia and synchronizing coeff i- 
ei«it? which depends on loading? generator? and network 
characteristics* Hie fr^ency is essentially indepen- 
dent of turbine parameters* 

For an analysis of the dynamics of WTX3s connected 
to electric power systems? torsioml modes other than 
the two discussed here can generally be r^glected* 
They are either well damped or their frequencies are 
above the range of interest* 

Figures 2*5? 2*6? and 2.7 further reveal that the 
first torsional mode is most easily stimulated ly tran- 
sients acting on the turbine, while the "electrical" 
mode responds primarily to stimulation acting through 
the generator. 

The frequencies and mode shapes in Figures 2.5 and 
2*6 describe the system without control* Blade pitch 
control with proportional action on electric pcmer in- 
creases the frequency of the first torsional nK>de* 

Hiese mode shapes may be contrasted with those of 
a typical steam generator? where all the inertias mc3ve 
with almost equal amplitu<fe at the low frequency system 



Figure 3.1 Linearized Model of WD3 

Hi addition to drive train configuration? turbine 
blade pitch control has a significant impact on dynamic 
behavior. This type of control only exists in horizon- 
tal axis machines. Variable pitch turbines operate ef- 
ficiently over a wider range of wind speeds than fixed 
pitch machines* Cost, and ccxnplexity are higher* It is 
generally found that a sufficiently responsive pitch 
cjontrol system has a bandwidth that includes the fre- 
quency of the first torsional mocte? i.e*? this mode is 
stimulated by control action* Hierefore? additional 
damping for the lightly damped first torsional mode is 
required* Hiree different methods of damping have been 
used in variable pitch turbines developed within the 
U*S. Federal Wind Energy Programi 

o Generator damping either through the use of a 
power system stabilizer or by the inherent 
damping of an induction ger^rator * 

o Addition of a damping signal to the pitch 
controller* 

o Fluid coupling between turbine and generator* 

In the MDD-1 WTC? damping is achieved by a speed 
sensitive power system stabilizer* Hirbii^ hub sgeed 
is used as the input* It can be seen qualitatively 
from the mode shapes of Figure 2.6 that the stabilizer 
operates on a relatively small cm^onent of generator 
motion in the first torsional mo^? and can be exg^cted 
to r^juire large torques to influence i^aft motion at 
this frequency* Loci of eigenvalues as function of 
stabilizer gain confim the relative ineffectiveness of 
this means of providing damping to the first torsional 
mode* 
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h stabilizer can have a destabilizing effect on 
the *®electrical^ mode® Hiis happens when there is a 
£^ase reversal between generator and hub displacments 

in the **electrical** mode® 

In the MDD-2 a damping, signal in ^ase with 
hub speed is sisnmed with the outpat of the pitch oon^ 
troller® Hie time respond plot of figure 3*2 shows 
the effectiveness of this damping component* Figure 
3.2 depicts the response of electrical pcwer to a step 
change in wind power. Hie difference between the two 
traces marked **base <fesign” and ”no hub damping” is 
caused by the damping component. Hie third trace in 
Figure 3.2 marked ”no control" shows the response with- 
out pitch control. It should be noted that in this 
case the a<^ition of pitch control increases the f re- 
qi:^ncy of the first torsional mode. Hie proportional 
compomnt of power control introduces stiffness between 
turbine and generator inertias. Figure 3.3 shows the 
eigenvalues as wind speed changes. Hie variation in 
wind speed changes the incremental wind power/pitdi 
angle relation^ip and therel:^ affects the transfer 
function of the control loop. It can be seen that the 
system is adequately damped over the whole wind speed 
range. 



Figure 3.2 Effect of Damping with Pitch Control 



Figure 3.3 Effect of Varying Wind 
Speeds-MOD-2 Wm 


Reference [11 describes a W13S control systen which 
also uses pitch variations for introducing damping. h 
con^^nsating network is induced in the hub speed l<x>p 
to offset servo lag. 

Figure 3.4 shews that damping of the first 
torsional can al^ be introduced a high slip 
induction generator. Hiis would not ha an effective 
mechanien in a such as the M)D-2 because generator 
motion in the first torsioral mode is extrenely small 
(Figure 2.5) . In a JO>-l generator nation in the 
first torsional wo6e is larger (Figure 2.6). Damping 
with a hi^ slip induction generator wouldbe mte ef- 
fective, however, losses would be high. 



Figure 3.4 Effect of Varying Induction 

Generator Rotor Resistance, MOD-1 Drive Hrain 

In the MDD-0 and MDD-OA, a fluid coupling is used. 
Hiis is a very effective damping ^vice hot it 
introduces losses. 

In addition to finding a suitable balance between 
control response and damping of the first torsional 
mode, the controlled variable has to be selected. For 
primary control, this can either be speed or power. 
Current WH3s use power. Hiis selection has been based 
on the assumption that electric power systems are infi- 
nitely large ocmipar^ to wind turbines and that con- 
stant power generated by WDGs c^ always be absorbed. 
Hiere are two disadvantages s 

o WTCs using power control do not participate 
in load sharing. 

o Hie power controller cannot differentiate 
between changes it ^ould respond to, i.e., 
changes caused by the turbine, and those it 
should not respond to, i.e., changes origi- 
nating in the electrical system. 

Use of turbine speed as the controlled variable 
would have three advantages? 

o Pitch control would not respond to system 
disturbances unless they affect turbine 
speed. 

0 Speed is the controlled variable for turbine 
controllers of conventional turbine genera- 
tors. Hirbine speed controllers have propor- 
tional characteristics so that the speed 
droops slightly with load. Hiis provides 
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load sharing capability* WB2s will not al- 
ways be ag^lied to ^stosis infinitely large 
oomiared to their rating* Ihey must be able 
to ^rticipate in transient load sharing* 

o Speed control is dynamically su^^rior to 
£^wer control* Itirbine torque excursions are 
integrate one© and becone speed excursions* 
are integrated again before diowing up 
as power eaigle ar^ electric pewer excursicafis* 

A canbination of primary speed control and slcwer 
resetting type gxwer control is traditional in power 
systems* 

Ihe following issues were adiressedi 

o Dynamic stability of a single wind turbine 

generator . conr^ted to a strong systan* 

o Dynamic stability of a group of wind turbines 
synchronized to a common bus and connected to 
a strong system* 

o Transient stability following disturbances at 
the mechanical end (wind speed changes) and 
at the electrical end (faults) of the WTG 

^ drive train* 

o Shaft torque levels during disturbances. 

o ^chronization. 

Dynamic Stability of Single Wind TUrbine 

Bie dynamic stability of a single wind turbine 
generator was investigated obtaining the eigenvalues 
of wind turbine systems for variations in the electri- 
cal systan* In the case of a s^chronous generator KE 
(the ^dironizing coefficient) was modified to reflect 
these variations. Results are ^ewn in Figure 4*1. In 
the case of an induction generator XE (the electrical 
i^stem reactance) was modified to i^ow the effect of 
variations in transmission strength. Results are simi- 
lar to Figure 4.1. It is evident that only the elec- 
trical system mode is affected by these changes* It 
was noted earlier that this mo<fe is nearly in^pen<fent 
of the mechanical properties of the turbine. 
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Figure 4.1 Effect of Varying Electrical Stiffness 


^st of the analyi^s presented so far have l©en 
ba^d on systens with single WTGs connected to an infi- 
nite Ixis* In vi^ of the variability of wind energy 
there has been concern about interactions fcefewe^ adja- 
cent wind turbine gererators through the electrical 
ret^ork* 

In the cese of two i^ntical wind turbines 
synchronized and connected to a stiff systan, the 
namics ocxnprise two sets of mo^ss 

o Wind turbine generators move coherently with 
each other. Ihese "in ghase" modes are stim- 
ulated wind speed disturbances of the same 
magnitude and sign applied to each machine. 
Electrical disturbances on the ocxnmon trans- 
mission i^stam also excite these modes. 

o Wind turbine generators move against each 
other with equal and opposite magnitudes. It 
is not possible to excite these "anti-phase" 
modes by disturbances on the common electri- 
cal transmission. The bus at which the ma- 
chines are synchronized represents a node for 
all anti-phase modes. 

The dynamics of such a ^stem can be analyzed in 
tenns of two ecjuivalents: 

o A lumped ecjuivalent machine swinging against 
the receiving end infinite bus. 

o A single machine swinging against the bus at 
which the machines are synchronized. 

It was concluded earlier that the first torsional 
mode is practic:ally unaffected the transmission sys- 
tm strength. Consecjuently, the natural frequency and 
damping of the first torsional mode is approximately 
the same for the single ^stem and inter-^sten modes. 
It follows that a WTG designed for the first torsional 
mode in a single nachine application will also satisfy 
damping requirements for intermachine first torsional 
modes in multi-machine applications- 

The intermachii^ electrical modes are not 
particularly significant. There are three reasons? 

o They generally have a higher frequency than 
the electrical systm mode and are better 
damped. 

o They are not stimulated appreciably wind 
speed disturbances. This was shown earlier 
in the modal analysis of WTX3 drive trains. 

o They are not stimulated by electrical 
disturbances cjommon to all adjacent WTCs. 

The analysis of interactions between WTSs has been 
explained in terms of a two machine system ^chronized 
to a exmanon bus. The results c:an be extended to the 
ger^ral case [3] . 

Transient, stability 

Wind turbine generators are subjected to 

nechanic:al disturbances applied at the turbine when 
there are sud3en wind speed changes. They are also 
subjected to electrical disturbances applied at the 
generator during electrical transients. While all the 
possible electrical disturbances are of the same nature 
for cx>nventional turbine generators as for WTEsr the 
consequences of particular disturbances are different 
because the torsional system is different. Mechanical 
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disturbances of the drive train fron the turbine end 
are a peculiarity of 

Figure 4«2 shows the response of a &0>-2 MG to 
five successive 4 step changes in wind speed* Wind 
speed (ity^) / ir^dianical power at the blades {p*u*) r 
electrical power (p«u*)^ and generator £^er angle 
(^*) are plotted, Pitdi control is active to pro- 
vide power control and damping of the first torsional 
mode. It is interesting to note that damping of the 
first torsional wode increases with increasing wind 
speed. Hiis corroborates the results of the eigenvalue 
analysis ^own in Figure 3 .3 . 



Figure 4.2 4 MFH Step Increases in Wind Speed 


Figure 4.3 depicts the behavior of a MOD-2 WDS 
during and after a 0.1 sec. three-Ehase fault at the 
high side of the generator step-up transformer. The 
four traces in Figure 4.3B ^ow airgap torque, low 
speed shaft torque, blade torque, and high speed shaft 
torque. The two frequencies dominating the response 
are the 60 Hz syston frajuency during the fault, and 
the frequency of the electrical systan mode after the 
fault. Even though airgap torques reach 6 p.u., tur- 
bine torques are hardly affected by this transient. 



Figure 4.3A Uiree Hiase Fault Near WIG for 0.1 Second 



Figure 4.3B Obrque Levels in fO>-2 Drive Train, 
Ihree Phase Fault Near WTG for 0.1 Second 


Figures 4.4 shows the events occurring during and 
after a loss of electrical load for 0.5 seconds. Ihe 
WTG is a MQD-2. The four traces in Figure 4.4A show 
^nerator speed, hub speed, blade speed, and ge^r 
speed. The generator rotor accelerates very quickly 
away from the synchronous reference frame, unwinding 
the turbine i^aft and starting an oscillation with re- 
spect to the turbine. The ger^rator rotor angle 
reaches 1000 degrees after approximately 0.5’ sec. The 
turbine also begins to accelerate bat at a much lower 
rate. As long as the turbine is still near synchronous 
speed, resynchronization is theoretically possible at 
any rotor angle, Vhen the tie to the electriced syston 
is restored at t=0.55 sec. , the generator resynchro- 
nizes quickly at a rotor angle that differs fron the 
original rotor angle by 1080 degrees (3*360 ) . After 
the generator has been resynchronized, the turbine os- 
cillates with resect to the generator at the f requency 
of the first torsional mode. 
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Figure 4.4A Speeds in MOD-2 Drive Train, 
Loss of Load for 0.5 Second 



Figure 4.4B Loss of Load for 0.5 ^c»nd 


■ Infivels 

Figure 4.3B toionstrates another characteristic of 
the torsional system of wind turbine generators; low 
levels of shaft torque during disturbances. Ihe me- 
chanical limitation of WTGs during several electrical 
disturbances is not strength at ^afts bat rather the 
bracing of generator wmdings. The bracii^ r^^ired 
does not exceed conventional levels. 

The unusual torsional dynamics of wind turbine 
ger^rator drive trains can be used to advantage during 
synchronization. T\irbine and generator are decoupled 
transiently by the aK^arefit low shaft stif fr^ss. This 
reduces the need for accurate matching of voltage, 
speed, and phase angle prior to synchronization. Speed 
errors of several percent and angle Aviations of 30-40 
^rees can be tolerated. 


The dynamic and transient stability pro^rties of 
wind turbir^ generators have been explored using eigen- 
val\3B ai^ tin^ res|x>nse analysis. It has l^en shown 
that, unlike steam or hydro units, the dyiwnics of wind 
turbine gerierators are Mimted by the torsioral char- 
acteristics of the drive train. The most significant 
chs^acteristic of such systens is the prei^nce of an 
inherently poorly damped shaft nK>de having a frequency 
below 0.5 Hz. 

Various schemes for introducing dampir^ in the low 
frajuency shaft mode are discussed. Inclusion of a hub 
speed damping signal in systens which have blade pitch 
control is i^own to be particularly effective. The ra- 
tionale for chcx)sing electric pcwer as the regulated 
variable is also consicfered and the advantages of 
choosing turbii^ speed instead of electric power are 
debated. 

The unusual characteristics of the drive train are 
shown to have a decoupling effect on electrically and 
mechanically produced transients. Faults on the elec- 
trical side do not stimulate the low frequency ^aft 
mode to any appreciable extent. Similarly, even large 
wind speed disturbances do not influence the electrical 
system mode. 

Consistent with the above decoupling between the 
electrical and shaft irodes, it is seen that electri- 
cally produced damping is not particularly effective in 
damping the first shaft mo^. This implies that speed 
sensitive stabilizers operating on synchronous machine 
excitation, or induction generator damping will have 
limited effect on damping of the dominant shaft mode. 

Further consequences of the unusual torsional 
systen characteristics are the excellent transient sta- 
bility properties and ability to synchronize a wind 
turbim through large phase and speed mismatches. Im- 
pact torque levels during fault and network switchings 
are lower than in typical steam units due to the inher- 
ent decoupling betwe^ generator and turbine. 

Fran the viewpoint of network disturbances, both 
induction and synchronous machines exhibit a relatively 
high frequency oscillatory mode (typically 20 to 30 
rads/sec.) . This hi^ frequency results from the 
lightr^ss of the generator rotor and the softness of 
the torsior^ spring between generator and hub. Damp- 
ing of the first torsional shaft mode and pcwer control 
response do not vary e^precicdoly with electrical system 
parameters. 

No adverse interactions have been predicted for 
groups of wind turbines synchronized together. The 
only coupling is through the electrical systen which is 
shown to have little influence on the power control 
loop or shaft mode damping. The main result of inter- 
connection will be coupling between electrical modes. 
The intermachine electrical modes are not normally of 
concern as they are not stimulated by aspmetric wind 
disturbances (due to the soft ihaft effect) and are not 
stimulated by electrical disturbances on the common 
transmission system. 

The conclusions regarding the absence of 
interaction in the multi-machine case have teen oon- 
finned by carrying out te tailed simulations of a three 
wind turbine ystero with each machine represented ex- 
plicitly. 

In addition to irore detailed simulation to 
oanplement the results summarized in this paper the au- 
thors feel that further work in the following areas is 
warranted; 
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o Hie use of turbine sg^ed as the regulated 
variable for pitch control i^staas^ Hiis 
would m^e wind turbine control functionally 
equivalent to steam and hydro turbine conr- 
trol. 

o Hie limitation of using electrical power as 
the regulated variable in pitch control s^sr 
terns* Hie Ihnitations will teocxne apparent 
when WTGs are connected to noninf inite power 
^sterns. 

o Other methods of damping the first torsional 
Damping pitch control is effective 
but is inactive at low wind speeds* Electri- 
cal damping is not particularly effective* 

o Out of step synchronization WTGs are very 
tolerant to out-of-step synchronization* Hie 
usefulness of this characteristic for reclos- 
ing and synchronization ^ould be evaluated* 
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QUESTIONS AND ANSWERS 
E ^N . Hinrichsen 


Proms D » L « Hughes 


Q: a) Did you examine the effect of controlling the tips with any other form of feed- 

back Ce , g • / torque/acceleration) ? 

b) Is rotor flexibility important in determining dynamic response of system with 
tip control? 


As a) Yes, Ne examined the behavior of -this system with primary turbine control 

based on power. We found that the sensitivity of pitch control to electrical 
disturbances was greatly reduced and the response to wind speed disturbances 
was essentially the same, 

b) We have not looked at rotor flexibility , It is unlikely that rotor flexibili- 
ty affects the two modes which principally determine electrical system be-- 
havior. 


Proms Anonymous 


Q: What is the sacrifice in energy capture as a result of controlling the pitch angle 

at lower wind speeds? 

As Wo quantitative answer available , 


Proms P . A . S toddard 


Qs I assume the aerodynamic model in your wind turbine AP/A3 is linear. Do you have 
any feeling for the effects of 1) dynamic stall and 2) quasi-steady or unsteady 
aerodynamics? 

As The aerodynamic model is not linear. Figure 3,1 is a linearized version of the 
actual model. The actual model includes the full nonlinear representation of 
Oy = Unsteady aerodynamics are probably best treated as disturbances of 

tne AP/A3 transfer function. Their principle effect would be stimulation of the 
first torsional mode. 


Proms W,C* Walton 

Qs a) The frequencies of the important modes - what ratio to nP? 

b) Does blade elasticity influence the modes? 

As a) At rated power (approximately): MOD-l (34 RPM) MOD-1 (23 RPM) MOD- 2 (17,6 RPM) 

First torsional: 0,7 1,1 0,8 

Second torsional: . 8,3 12,4 16,5 


Since the frequency of the second torsional (electrical) mode is a function of 
electrical stiffness ^ its frequency varies with electrical system reactance. 
The values given here are for a stiff electrical system, 

b) It is unlikely that blade elasticity affects the two modes important for 

electrical stability and control. It will create higher modes which probably 
lie outside the range of interest at pitch control and electrical system 
dynamics , 
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consideration of the utility configuration con- 
trol loop requires a stiffness greater than 
460,000 ft-lb/radian, which is important only 
at torque levels near rated torque. 


60 mph and satisfactory overshoot characteristics 
at 20 - 25 mph. Test data has verified this pro- 
jection up to 30 mph. Test data for startups 
above 30 mph have not yet been collected. 


CONTROL LOOP GAIN 


A review of Figures 1 and 2 shows that the magni- 
tude of the control loop gain is determined by the 
following: 

No Load: 


Gain = (A^) 


3T^ 


1 

90 




Utility With Load: 
Gain = (Aq) 
Standalone With Load: 


Gain - (Aq) 




1 

90 


_^R * ^GL ‘'GC. 


(An) 


3Tr 


1 

90 


h * ^GL ^ ^L. 


where: 


A^ = Controller gain factor 
9T n 

= change in rotor torque per unit change 
in pitch angle 

Cd = slope of the rotor torque-speed curve, 
Cgl» CgQ, Cj^, as defined on Figure 2 

Ag = a constant that relates generator 
power to generator slip speed 


When the standalone configuration is operated with 
full load, the changes in the torque derivative 
are almost fully compensated by changes in the 
total damping and the loop gain is essentially 
constant. As the load is decreased, the curve 
approaches the no load curve. In this case also, 
the control loop stability shows sufficient gain 
margin to achieve adequate speed regulation and 
satisfactory overshoot characteristics under all 
of the wind speed and load conditions. 

The utility configuration differs in two respects. 
First, the damping term is dominated by Cg^, the 

very steep slope of the Induction generator ' 
torque-speed curve. Therefore, the change in loop 
gain is almost equal to the change in the torque 
derivative, a factor of 20 for 10 to 60 mph. 
Second, because of the added phase lag of the 
drive shaft dynamics, the gain margin available is 
much less than that available in the other modes. 
The result is that the controller gain that pro- 
vides adequate power regulation at 20 - 25 mph 
causes instability at 60 mph. Therefore, the con- 
troller gain in this mode is made a function of 
the mean wind speed such that the total loop gain 
remains essentially constant. 

RESPONSE TO WIND SPEED CHANGES 

The ability of a variable-pitch wind turbine to 
maintain a given power level in the presence of 
wind speed changes is limited by the capabilities 
of the pitch change mechanism. Therefore, know- 
ledge of the wind variability that must be accomo- 
dated is needed to establish the required capabil- 
ities of the pitch change mechanism. 


3Tr 

Two of these factors, and Cj^, are derived from 

the rotor characteristics and vary considerably 
over the range of expected operating conditions. 

The slope of the torque-speed curve, C|^, increases 

from 170 ft-lb-sec/radian at 10 mph to 6254 ft-lb- 
sec/radian at 60 mph. The torque derivative with 

pitch, is zero when the maximum available 

power is being delivered (i.e., regulation is not 
possible). However, if power is restricted to the 
lesser of 40 kW or 80% of the maximum available, 
the torque derivative increases from 90 ft-lb/deg. 
to 1980 ft-lb/deg. as the wind increases from 10 
to 60 mph. The three gain functions, normalized 
to their values at 20 mph are shown on Figure 7. 

The functions with load are based on the lesser of 
40 kW or 80% of the maximum power available. 

The loop gain in the no load case changes by a fac- 
tor of almost 5. However, this case is primarily 
concerned with startup which takes place when the 
wind speed increases above 10 mph or decreases 
below 60 mph. The loop gains at these two points 
only differ by a factor of 1.5. More importantly, 
the control loop stability analysis indicated that 
a fixed controller gain could be selected that 
would provide adequate speed regulation at 10 and 


To meet this need, the description of wind varia- 
bility must relate the magnitude of wind speed 
changes to the time interval over which they are 
observed and the frequency with which they can be 
expected at the planned location of the wind tur- 
bine. The magnitude and time interval, with 
respect to the dynamic characteristics of the wind 
turbine, determine the impact on the wind turbine. 
The frequency detennines whether or not they need 
to be accommodated. For example, wind speed 
changes that cause disruptions in the delivered 
power less frequently than once per month or once 
per year need not be acconmodated. However, the 
system must accommodate wind speed changes that 
could cause damage more frequently than once per 
lifetime of the machine. 

Cliff and Fichtl (Reference 1) have developed 
a description of wind speed changes based on tur- 
bulence theory. It allows the calculation of the 
root-mean-square (RMS) value of the change in wind 
speed over a time interval as a function of the 
mean wind speed, nature of the terrain (surface 
roughness), height above the surface, and the 
scale of the affected device. The RMS value and 
the characteristics of a Nonnal distribution 
determine the probability of exceeding a particu- 
lar magnitude of speed change in any one time 
interval. The probability and the duration of 
the observation time interval determine the 
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KAMAN 40 kW WIND TURBINE GENEimTQR - CONTROL SYSTEM DYNAMICS 


Richmond Perley 


Kaman Aerospace Corporation 
Old Windsor Road 
B 1 oomf 1 el d , Connect! cut 06002 


ABSTRACT 

The Kaman 40 kW Wind Turbine Generator design Incorporates an Induction generator for applications where 
a utility line is present and a synchronous generator for standalone applications. A combination of 
feed forward and feedback control is used to achieve synchronous speed prior to connecting the generator 
to the load, and to control the power level once the generator is connected. 

The dynamics of the drive train affect several aspects of the system operation. These have been ana- 
lyzed to arrive at the required shaft stiffness. The rotor parameters that affect the stability of the 
feedback control loop vary considerably over the wind speed range encountered. Therefore, the con- 
troller gain was made a function of wind speed In order to maintain consistent operation over the whole 
wind speed range. 

The velocity requirement for the pitch control mechanism Is related to the nature of the wind gusts to 
be encountered, the dynamics of the system, and the acceptable power fluctuations and generator dropout 
rate. A model was developed that allows the probable dropout rate to be determined from a statistical 
model of wind gusts and the various system parameters, including the acceptable power fluctuation. 


INTRODUCTION 

Kaman Aerospace Corporation, under DOE sponsor-- 
ship, has designed and fabricated a 40 kW, hori- 
zontal axis wind turbine generator. The work was 
part of the Small Wind Energy Conversion Systems 
(SWECS) program which 1$ being directed by Rock- 
well International. The wind turbine Is currently 
being evaluated in Rockwell's Rocky Flats, 
Colorado, test facility. 

Three aspects of the control system dynamics are 
discussed in this paper. The first is the tor- 
sional characteristics of the drive train and 
factors affecting the selection of the drive 
train stiffness. Next Is the effect that changes 
In rotor characteristics with wind speed have on 
the operation of the feedback control loop and 
the desirability of making the controller gain a 
function of wind speed. Finally, an analytical 
method for evaluating the adequacy of the control 
system design with respect to wind speed changes, 
or gusts. Is discussed. The method Is based on a 
statistical description of wind speed changes 
rather than on arbitrarily selected "worst gust" 
characteristics and, therefore, provides an 
objective means of assessing performance In a 
variety of locations. 

SYSTEM DESCRIPTION 

The wind turbine has a 64-foot diameter, two- 
blade, down wind rotor with a hub height of 75 
feet, the unit has been designed to provide for 
direct conversion of wind power into regulated, 

60 Hz, electrical power using either an Induction 
generator for tie-in to a utility or a synchron- 
ous generator for standalone applications. The 
rotor operates at 69 rpm and a 1:26, two-stage, 
planetary gearbox provides a nominal generator 
speed of 1800 rpm. Cut-In wind speed is 10 mph; 
rated wind speed is 20 mph; and cut-out wind speed 
is 60 mph, at hub height. 


Blade pitch is controlled to maintain the power 
level in the utility configuration and to maintain 
rotor speed, and thus frequency, in the standalone 
configuration. Both configurations also incorpor- 
ate a feed forward control Input based on wind 
speed. 

The significant elements In the basic control loop 
are shown In Figure 1. The controller and the 
feed forward prograiwner are Implemented In a 
microprocessor which also performs the startup and 
shutdown sequencing, as well as other monitoring 
and control functions. The microprocessor program 
Includes provisions for Integral control, but only 
proportional control 1s used. The output of the 
microprocessor Is a voltage proportional to the 
desired blade pitch angle. A hydraulic position 
servo rotates the blades about the axles at the 
root ends. The feedback signal Is proportional to 
rotor speed when either configuration is being 
brought up to the nominal operating speed and when 
the load 1s connected In the standalone (synch- 
ronous generator) configuration. The feedback 
signal is proportional to generator output power 
when the load is connected in the utility (induc- 
tion generator) configuration. The distrubances 
to the system are changes In rotor torque due to 
changes In wind speed In either configuration and 
changes In load In the standalone configuration. 

DRIVE TRAIN DYNAMICS 

Several aspects of the drive train dynamics were 
considered In establishing the requirements for 
drive train stiffness: the avoidance of reson- 

ances as the rotor Is brought up to operating 
speed; the magnitude of the rotor torque, ripple 
that is transmitted to the load; and the Impact 
of the drive train dynamics on the feedback con- 
trol loop stability. 
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Drive Train Elements 

A schematic representation of the drive train com- 
ponents with all elements referred to the rotor 
shaft speed is shown on Figure 2. The rotor is 
represented by the rigid-body inertia, and the 

slope of the torque-speed curve, at a partic- 
ular operating condition. (The elastic modes of 
the rotor are high enough in frequency to be unim- 
portant in these analyses.) The combined stiff- 
ness of the rotor shaft and the gearbox is 
included in K^. There is an elastomeric coupling 

between the gearbox and the generator to accommo- 
date shaft misalignment. Its inertia, 1^, is sig- 
nificant with respect to the other elements, but 
its stiffness, K^, and damping, C^, are not. The 

generator is represented by its mechanical losses, 
Cq^; rotor inertia, and the coupling to the 

load. The coupling of the induction generator, 
Cgc» TS the slope of the torque-speed curve. The 

utility line connection is considered to be a zero 
impedance sink. The coupling of the synchronous 
generator appears as a stiffness, Kg^. In this 

case, the load impedance is finite, with a loss 
term, Cj^, corresponding to 40 kW, as well as an 

inertia term, I. , to account for large motor 
loads. 

Resonances 

The load is not connected while the rotor is being 
brought up to speed or during periods of rotor 
overspeed. (The control system limits overspeed 
to 125% of rated speed.) This results in a very 
underdamped resonance determined largely by the 
rotor shaft- gearbox stiffness, generator inertia, 
and generator mechanical losses. These resonant 
frequencies are plotted as a function of rotor 
shaft-gearbox stiffness on Figure 3. The synch- 
ronous generator configuration has lower resonant 
frequencies because of the higher generator iner- 
tia. The criterion for stiffness in this ease is 
that the resonant frequency be higher than the 
two-per-rev frequency of the vibratory rotor 
torque at the 125% overspeed condition. Since 
rated rotor speed is 69 rpm, the resonant fre- 
quency should be greater than 2.9 Hz. This 
requires a stiffness greater than 120,000 ft-lb/ 
radian. 

Torque Ripple 

The behavior of the two configurations in trans- 
mitting torque ripple from the rotor to the load 
is quite different because of the different load 
characteristics. The standalone configuration 
exhibits an underdamped resonance while the util- 
ity configuration is highly damped by the induc- 
tion generator coupling characteristics and the 
zero impedance sink of the utility line. The 
torque transmissivity of each is shown on Figures 
4 and 5 as a function of frequency and stiffness. 
The important criterion in this case is the torque 
transmissivity at the predominant rotor torque- 
ripple frequency of two-per-rev, or 2.3 Hz. This 
is shown on Figure 6 as a function of rotor shaft- 
gearbox stiffness. 


For the standalone configuration, it Is desirable 
that the torque ripple at the load be less than 
10% of the actual load even when the system is 
lightly loaded (e.g, , at 10% of rated load). 
Therefore, the torque ripple transmitted to the 
load should be less than 1% of rated torque. An 
analysis of the rotor Indicates a two-per-rev 
vibratory torque at the rotor equal to about 13% 
of rated torque. Therefore, a torque attenuation 
of about 0.076 is desired. This requires a stiff- 
ness greater than 180,000 ft-lb/radian. 

For the utility configuration, the torque trans- 
missivity increases with increasing stiffness to 
a maximum value of 0.25. This would cause a 
ripple in the generator output equal to about 3% 
of rated load, or about 1.3 kW. Discussions with 
utility companies indicate that this would not be 
significant on a high capacity utility line. 

There will be a random phase relationship among 
two or more units connected to a common utility 
line, so their ripple components do not add 
directly. Therefore, this consideration does not 
put a constraint on stiffness. 

Impact on Control Loop 

During startup in either configuration, or when 
the load is connected in the standalone configu- 
ration, the feedback control loop is configured 
to control rotor speed. The feedback signal is 
rotor shaft speed measured at the node marked 

on Figure 2. Because the admittance of the rotor 
inertia is very large in comparison to the other 
admittances at the frequencies of interest to the 
feedback control loop, the phase lag between rotor 
torque and rotor speed is essentially 90° and 
independent of reasonable values of rotor shaft- 
gearbox stiffness. 

When the load is connected In the utility configu- 
ration, the feedback control loop is configured to 
control power level. The feedback signal is the 
power measured at the generator output. This cor- 
responds to the node marked on Figure 2. The 

phase lag between rotor torque and this point is 
the sum of the 90° lag noted above and the addi- 
tional lag from to The latter is largely 

determined by the stiffness, K^, and Cgg, and 

decreases as the stiffness is Increased. This 
additional lag is approximately 45° at a frequency 
corresponding to Kg/(2TT Cq^). Since the frequen- 
cies of interest to the control loop stability are 
in the range of 1/2 to 3 Hz, a stiffness greater 
than 830,000 ft-lb/radian is desired. 

Stiffness Selection 

Each of the considerations above establishes a 
minimum constraint on rotor shaft-gearbox stiff- 
ness. The largest of these, 830,000 ft-lb/radian 
for the utility configuration control loop at 
rated load, was taken as the design requirement. 
Deflection measurements were made after the system 
was assembled. These measurements included the 
rotor shaft, gearbox, and coupling, and showed a 
stiffness of about 460,000 ft-lb/radian for low 
torque levels and 2,500,000 ft-lb/radian near 
rated torque. This level of stiffness is satis- 
factory because the constraint imposed by 
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consideration of the utility Gonfiguration con- 
trol loop requires a stiffness greater than 
460,000 ft-lb/radian, which is important only 
at torque levels near rated torque. 


60 mph and satisfactory overshoot characteristics 
at 20 - 25 mph. Test data has verified this pro- 
jection up to 30 mph. Test data for startups 
above 30 mph have not yet been collected. 


CONTROL LOOP GAIN 


A review of Figures 1 and 2 shows that the magni- 
tude of the control loop gain is detemined by the 
following: 

No Load: 


Gain 


PTrI 


1 

90 




Utility With Load: 


Gain = (Aq) 




1 

99 


Cr + CgL + 


(Aq) 


Standalone With Load: 


Gai n 


3Tr 


1 

99 


^^R + ^GL ^ 


where: 


Aq = Controller gain factor 


36 

Cr 


change in rotor torque per unit change 
in pitch angle 

slope of the rotor torque-speed curve, 
Cqls Cqq, C|_, as defined on Figure 2 

a constant that relates generator 
power to generator slip speed 


When the standalone configuration is operated with 
full load, the changes in the torque derivative 
are almost fully compensated by changes in the 
total damping and the loop gain is essentially 
constant. As the load is decreased, the curve 
approaches the no load curve. In this case also, 
the control loop stability shows sufficient gain 
margin to achieve adequate speed regulation and 
satisfactory overshoot characteristics under all 
of the wind speed and load conditions. 

The utility configuration differs in two respects. 
First, the damping term is dominated by Cg^, the 

very steep slope of the induction generator 
torque-speed curve. Therefore, the change in loop 
gain is almost equal to the change in the torque 
derivative, a factor of 20 for 10 to 60 mph. 
Second, because of the added phase lag of the 
drive shaft dynamics, the gain margin available is 
much less than that available in the other modes. 
The result is that the controller gain that pro- 
vides adequate power regulation at 20 - 25 mph 
causes instability at 60 mph. Therefore, the con- 
troller gain in this mode is made a function of 
the mean wind speed such that the total loop gain 
remains essentially constant. 

RESPONSE TO WIND SPEED CHANGES 

The ability of a variable-pitch wind turbine to 
maintain a given power level in the presence of 
wind speed changes is limited by the capabilities 
of the pitch change mechanism. Therefore, know- 
ledge of the wind variability that must be accomo- 
dated is needed to establish the required capabil- 
ities of the pitch change mechanism. 


3T. 

Two of these factors, and are derived from 

the rotor characteristics and vary considerably 
over the range of expected operating conditions. 

The slope of the torque-speed curve, Cj^, increases 

from 170 ft-lb-sec/radian at 10 mph to 6254 ft-lb- 
sec/radian at 60 mph. The torque derivative with 

pitch, is zero when the maximum available 

poweF is being delivered (i.e. , regulation is not 
possible). However, if power is restricted to the 
lesser of 40 kW or 80% of the maximum available, 
the torque derivative increases from 90 ft-lb/deg. 
to 1980 ft-lb/deg. as the wind increases from 10 
to 60 mph. The three gain functions, normalized 
to their values at 20 mph are shown on Figure 7. 

The functions with load are based on the lesser of 
40 kW or 80% of the maximum power available. 

The loop gain in the no load case changes by a fac- 
tor of almost 5. However, this case is primarily 
concerned with startup which takes place when the 
wind speed increases above 10 mph or decreases 
below 60 mph. The loop gains at these two points 
only differ by a factor of 1.5. More importantly, 
the control loop stability analysis indicated that 
a fixed controller gain could be selected that 
would provide adequate speed regulation at 10 and 


To meet this needi the description of wind varia- 
bility must relate the magnitude of wind speed 
changes to the time interval over which they are 
observed and the frequency with which they can be 
expected at the planned location of the wind tur- 
bine. The magnitude and time interval , with 
respect to the dynamic characteristics of the wind 
turbine, determine the impact on the wind turbine. 
The frequency detennines whether or not they need 
to be accommodated. For example, wind speed 
changes that cause disruptions In the delivered 
power less frequently than once per month or once 
per year need not be accommodated. However, the 
system must accommodate wind speed changes that 
could cause damage more frequently than once per 
lifetime of the machine. 

Cliff and Fichtl (Reference 1) have developed 
a description of wind speed changes based on tur- 
bulence theory. It allows the calculation of the 
root-mean-square (RMS) value of the change in wind 
speed over a time interval as a function of the 
mean wind speed, nature of the terrain (surface 
roughness), height above the surface, and the 
scale of the affected device. The RMS value and 
the characteristics of a Normal distribution 
determine the probability of exceeding a particu- 
lar magnitude of speed change in any one time 
interval. The probability and the duration of 
the observation time interval determine the 
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number of times the change Is exceeded per hour of 
the mean wind speed. This can be combined with a 
mean wind speed distribution to determine the num- 
ber of times the change is exceeded per year. 

Figure 8 illustrates one form of the Cliff and 
Fichtl description using a particular mean wind 
speed distribution and a 64-foot diameter rotor 
75 feet above terrain with a surface roughness of 

0.05 meters (high grass). It describes the wind 
speed changes that occur during the 1.4 hours per 
year that the mean wind speed is between 50 and 
60 miles per hour. It shows, for example, that if 
observations are made at one-second intervals, 
twenty changes greater than 12.5 mph will be seen, 
but changes greater than 18 mph will only be seen 
once in five years during 50 - 60 mph winds. On 
the other hand, if the observation interval is 
increased to 2.5 seconds, changes greater than 
18 mph will be seen almost 20 times per year. 

This provides a satisfactory description of wind 
speed changes for determining the required capa- 
bilities of the pitch change mechanism. The 
method of using it is described below. 

Figure 9 shows what happens to the rotor speed of 
a wind turbine with feed forward control when the 
wind speed changes at a rate faster than the pitch 
mechanism can follow. After a short delay, the 
pitch changes at its maximum rate. Since that is 
less than the rate required to compensate for the 
wind speed change, a torque unbalance develops and 
the rotor accelerates. Eventually, the proper 
pitch angle is reached and the rotor returns to 
the proper speed. The important parameter is the 
maximum change in rotor speed. An, since this 
determines the maximum change in the delivered 
power. (The control system is configured to dis- 
connect the load if some critical value is 
exceeded . ) 

Therefore, the dynamics of the wind turbine are 
analyzed to determine the wind speed changes (mag- 
nitude and time interval) that cause a rotor speed 
change equal to the critical value, This is 

shown on Figure 10 for two values of mean wind 
speed and a certain system configuration. The 
result is dependent on mean wind speed because the 
pitch change required by the rotor to compensate 
for a given wind speed change decreases with 
increasing mean wind speed. For wind speed 
changes above the curve, the rotor speed change is 
greater than the critical value. For the stand- 
alone synchronous generator application, a criti- 
cal speed change of 10% was used, i.e., a 10% 
change in frequency and voltage. For the induc- 
tion generator connected to a utility line, a cri- 
tical speed change equal to the slip at rated 
power was used. 

The 55 mph system characteristic is superimposed 
on the wind change characteristics for mean winds 
between 50 and 60 mph on Figure 11. This shows 
that the highest incidence of exceeding the criti- 
cal speed change occurs for the wind speed changes 


that are observed over intervals of about one sec- 
ond. This occurs a little more than 0,2 times per 
year during the 1.4 hours per year that the wind 
is between 50 and 60 mph. If the pitch rate were 
only 3®/sec, instead of 6®/sec, it would occur 
much more frequently. The process illustrated on 
Figure 11 is repeated for each of the wind speed 
intervals necessary to cover the operating range 
of the wind turbine. The exceedance rates for 
each interval are then summed to determine the 
total number of times per year the critical speed 
change is exceeded. The result is shown in the 
top data set of Figure 12. The system parameters 
under the control of the designer are then 
adjusted until an acceptable exceedance rate is 
achieved. 

The second and third data sets on Figure 12 illus- 
trate the influence of the system characteristics 
in determining the critical wind speed character- 
istics. Although both systems have about the 
same exceedance rate, the synchronous generator 
configuration, with its longer time constant 
(ratio of inertia to damping), reacts with the 
larger wind speed changes seen with longer obser- 
vation time intervals. While the induction gen- 
erator configuration has 97% of its exceedances 
when the mean wind is between 50 and 60 mph, the 
comparable figure for the synchronous generator 
configuration is 81%. The fourth data set on 
Figure 12 gives the results when the maximum 
pitch rate is adjusted so that the critical 
speed is exceeded about 12 times per year for the 
induction generator configuration with a lag of 

0. 15. sec. 

It should be noted that there is no “worst gust” 
that would produce the same results, even if the 
"worst gust" is a function of mean wind speed. 

These results are based on a particular wind 
speed distribution. The distribution was chosen 
to represent the 95th percentile of the 138 geo- 
raphical locations tabulated by Frost and Long 
Reference 2). That is, the rate of exceeding 
the critical speed will be greater than that 
calculated at 5% of the locations and less than 
that calculated at 95% of the locations. The 
distribution is described at the 10 meter refer- 
ence height by Wei bull coefficients of 9.8 mph 
and 1.4. 
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RESONANT FREQUENCY Hz 




UTILITY 

(INDUCTION 

GENERATOR) 



STANDALONE 

(SYNCHRONOUS 

GENERATOR) 



ROTOR; 

6425 

ft.lb.sec^/rad. 

UTILITY; Cgj_ 

26.4 

ft.lb.sec/rad 


Cj^ 286 

ft.lb.sec/rad. 

'g 

189 

ft.lb.sec^/rad. 




®GC 

44,000 

ft.lb.sec^/rad. 


COUPLING: 3.5x10® ft.lb./rad. 

Cg 15 ft.lb.sec/rad. 

92 ft.lb.secVrad. 


STANDALONE; Cg^ 26.4 ft. Tb. sec/rad. 

Ig 280 ft.lb.sec^/rad. 

Kgg .8x10® ft.lb./rad, 

C^ 1364 ft.lb./rad, 

Ij_ 189 ft.lb.sec^/rad. 


Figure 2 - Drive train elements. 



ROTOR SHAFT - GEARBOX STIFFNESS (10^ ft-lb/Fad) 

Figure 3 - No load resonant frequency. 



STIFFNESS 

ft-lb/rad 
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Figure 4 - Standalone configuration. 
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Figure 7 - Loop gam functions. 



Figure 8 - Wind change characteristics 






QUESTIONS AND ANSWERS 


R. Per ley 


From: R,A, Edkxn 


Qs 

Why does an 
is tic? 

A: 

The damping 
term is the 


induction machine 

term 'Is inversely 
ratio of a ^torque 


with only 1% slip exhibit a high damping character- 

■proportional to the slip at rated torque » The damping 
to the speed change necessar-y to produce that torque. 


332 



AUTOMATIC CONTROL ALGORITHM EFFECTS ON ENERGY PRODUCTION 
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ABSTRACT 

Algorithm control strategy for unattended wind turbine operation is a potentially 
Important aspect of wind energy production that has thus far escaped treatment In the 
literature. Early experience In automatic operation of the Sandia 17-m VAWT has 
demonstrated the need for a systematic study of controT algorithms. To this end, a 
computer model has been developed using actual wind time series and turbine performance 
data to simulate the power produced by the Sandia 17-m VAWT operating In automatic con- 
trol. The model has been used to Investigate the Influence of starting algorithms 
on annual energy production. The results Indicate that, depending on turbine and 
local wind characteristics, a bad choice of a control algorithm can significantly re- 
duce overall energy production. The model can be used to select control algorithms 
and threshold parameters that maximize long-term energy production. An attempt has 
been made to generalize these results from local site and turbine charaeterlstlcs to 
obtain general guidelines for control algorithm design. 


INTRODUCTION 

A computer model has been developed using 
real data to simulate power production 
of a vertical axis wind turbine (VAWT). 

The purpose of the model is twofold. 

First, to develop guidelines In control 
algorithm strategies. This basic step 
was Initially undertaken with using data 
particular to the Sandla/DOE 17-m VAWT. 
These Initial results are very Interest- 
ing and have been useful In the automa- 
tic control program for the 17-m. 

The second purpose of the model is to 
provide more general information on the 
energy available to a VAWT that Is lost 
In the automatic control process. This 
Information will, in turn, be used in 
the economic selection process of VAWTs 
for site specific cases. 

The automatic control simulation model is 
discussed in section 1, the algorithms 
on the Sandia/DOE 17-m turbine are de- 
scribed in section 2, and the first step 
results are presented In section 3. In 
section 4, the specific first step re- 
sults are generalized In an attempt to 
be applicable In a turbine selection pro- 
cess. 

THE COMPUTER MODEL 

The computer model was originally de- 
signed to simulate the 17-m VAWT In auto- 
matic control in Albuquerque, New Mexico, 
and as such was based on two sets of ex- 
perimental data. The first data set is 
the electric power versus windspeed data 
collected using the method of bins CRef» 1) 
for the 17-m operating at 50.6 rpm. A 
plot of the power curve used appears in 
Fig, 1. 

The second set of data used Is a collec- 
tion of 890 hours of ,5 Hz time series 
data of windspeed over 43 periods recor- 


ded during weekends and nights of Summer- 
Fall 1979. The probability density func- 
tion Is plotted versus windspeed for the 
wind data in Fig. 2. The mean value of 
windspeed for the wind data is 11.1 mph 
which is above the actual Albuquerque 
mean annual windspeed . 

The actual computer model is a Fortran 
program in which the electric power versus 
windspeed data are used to determine the 
power available at every point of wind 
data. If the turbine is stopped, the 
control algorithm w1 1 1 use this Informa- 
tion to decide if the turbine should be 
started. If the turbine is running, the 
power Is summed to determine the energy 
generated. 

The overall energy output that is compu- 
ted for a particular control algorithm de- 
pends on how long and when the turbine 
is running, as well as the number of 
starts. The number of starts is used 
by subtracting the energy consumed In 
all the starts from the calculated energy 
produced when the turbine is running. For 
the 17-m turbine, each start consumes 
approximately ,6 kW-hr. 

The output of the auto control simulator 
is given as an algorithm efficiency, and 
a number of starts occurring over the 
duration of the wind data. The notion of 
algorithm efficiency will be given a pre- 
cise meaning following the preliminary 
notion of energy available to a wind tur- 
bine. 

Energy Avail able . The energy available 
to a wind turbine is that amount of energy 
that would be produced by a turbine operat- 
ing under an ideal algorithm. This quan- 
tity may be calculated from the eleetrie 
power data directly by Integrating the 
power produced over all times the power 
is positive, or by using the windspeed 
distribution function for positive powers. 
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Algorithm Efficiency . The algorithm effi- 
ciency Is the percent the energy produced 
Is of the energy available for a turbine 
operating under the algorithm control. 

ALGORITHMS TESTED 

Five different algorithms have been tested 
In parametric studies by the automatic con- 
trol simulator. The first four algorithms 
have two parameters which are adjusted to 
find the optimum operating values. These 
two parameters are referred to frequently 
and will thus' be formally defined. 

Turn On/Off Threshold . The turn on/off 
threshold is the ml nlmum value of average 
windspeed or average power that Is required 
to start/stop the turbine by a decision 
loop of a control algorithm. 

Test Window . The test window is the dura- 
TTanoTTffe test period over which the 
average windspeed or power 1$ calculated 
for comparison with the turn on threshold. 

We may now name and describe the five algo- 
rithms tested as follows. 

Discrete Windspeed Averages - At the 
end of each test window, the average wind- 
speed over the test window Is compared to 
the turn on threshold. If the test falls, 
a new average is begun and not tested again 
until the end of another test window. If 
the average windspeed is above the turn 
on threshold, the turbine is started. Dur- 
ing turbine operation, the average windspeed 
Is tested against the turn off threshold 
at the end of each test window for a stop 
decision. 

2) Moving Windspeed Algorithm - After 
each point of windspeed data, a new average 
windspeed is calculated over the most re- 
cent test window. If the turbine Is off, 
the average windspeed is tested against the 
turn on threshold to decide on a turbine 
start. If the turbine Is on, tbe averaoe 
Is compared to the turn off threshold. 

After a start or stop, a 60 second blind 
period 1$ introduced to simulate an actual 
start or stop. 

3) Moving Power Algorithm - At each wind- 
speed point, a value of power Is read from 
the electric power versus windspeed data. 
From the power data, a running power aver- 
age Is calculated over the test window and 
compared to the turn or on turn off thres- 
hold for a start or stop, 

4) Discrete, Double Power Algorithm - At 
the end of each test length, two power 
averages are calculated. One for the 
average over the entire test window, and 
second, for the last one- tenth of the test 
window. Both averages must be greater than 
the threshold value for a start to occur. 
Stops are based on a test of the average 
power over the entire test window. 


5) Canadian Coast Algorithm - Certain 
Canadian VAWT systems have utilized a 
semlTmechanical control system with an 
overrunning clutch on the high speed 
shaft to permit the rotor to coast when 
below synchronous speed. This system 
could conceivably reduce motoring losses 
In low wind conditions and simplifies the. 
turn off condition which can be based 
on a simple rpm measurement. 

From a cold stop, one of the first four 
algorithms Is used to decide If a start 
should be initiated by a starting motor 
which takes the turbine to some fraction 
of the synchronous rpm. The turbine Is 
then allowed to coast until either synchro- 
nous speed is reached, at which time the 
generator engages, or 5 minutes has 
elapsed and the turbine falls below a 
turn off threshold value of rpm. If 
synchronization Is reached, when the 
torque at the high speed shaft becomes 
negative, the generator disengages and 
the coast cycle begins again. Whenever 
the rotor is coasting, the system genera- 
tor is assumed to motor without shaft 
load at synchronous speed. Windage los- 
ses in the generator are accumulated 
during the coast period. The only para- 
meter is the turn off threshold rpm, 

RESULTS OF PARAMETRIC STUDIES 

The results of the parametric computer 
runs for the five algorithms are plotted 
In Figs. 3 through 7. The maximum curves 
from each of the algorithms are plotted 
together in Fig, 8 to facilitate compar- 
ing the results. The following points 
are clear from the figures. 

1) For each algorithm, a choice of the 
parameters can be made which. will maxi- 
mize the algorithm efficiency, and mini- 
mize the number of starts or coast time. 

2) The algorithms may be ranked accord- 
ing to the maximum algorithm efficiency 
as follows: 

a) Canadian coast algorithm - 93,7% 

b) Moving power algorithm - 93.4% 

c) Discrete, double power algorithm - 
92.8% 

d) Discrete windspeed algorithm - 
92.3% 

e) Moving windspeed algorithm - 91.6% 

3) A bad choice of parameters, particular- 
ly the test window, will greatly reduce 
the algorithm efficiency, 

APPLICATIONS TO VAWT ECONOMICS 

The algorithm control study of the pre- 
vious sections 1s useful in maximizing 
energy production once a particular tur- 
bine and site have been selected. How- 
ever, if a turbine Is badly matched to a 
site, the maximum algorithm efficiency 
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may be as low as 11 % as shown in an exam- 
ple below. It Is clear then that control 
algorithm considerations will have an ef- P(V) 

feet on the economics of wind energy produc- 
tion. 


-6kW for 05 V<Vq- 2.2 
2.7*(V-Vq) for Vq-2.2<V<3*V^-6.6 
5,4*(Vq- 18) for 3 *Vq-6.6<V. 


In order to utilize control algorithm pro- 
perties in wind energy economics, it is 
necessary to determine if the maximum algo- 
rithm efficiency depends functionally upon 
a suitable composition of a local windspeed 
probability distribution function (PDF) 
with a turbine electric power curve (EPC). 
Since the windspeed PDF and the turbine EPC 
are both functions of windspeed, it is 
natural to construct the energy distribu- 
tion function (EOF) from the two, which at 
any windspeed gives the fraction of the 
annual energy produced by the machine at 
that windspeed. The EDF is constructed 
as the normalized product of the PDF and 
the EPC. We will concentrate then on 
quantifying the dependence of the maxi- 
mum algorithm efficiency upon the EDF. 

The five types of algorithms discussed 
in section 2 were Initially tested using 
the EPC from the Sandia/DOE 17-m VAWT. 

The EPC was determined experimentally by 
the method of bins, and the windspeed time 
series was recorded at the 17-m test site 
in Albuquerque, New Mexico, Clearly, a 
generally applicable relation between the 
maximum algorithm efficiency and the EDF 
cannot be found from the results of one 
specific set of turbine and windspeed time 
series data. Therefore, an expanded 
data base has been acquired including one 
additional set of windspeed time series 
data, and several other sets of turbine 
EPC's. The windspeed time series consists 
of a year of data recorded by the National 
Severe Storm Laboratory from the WKY tower 
in Oklahoma City, Oklahoma from October 
1, 1976 to November 26, 1977. Most of the 
readings were taken at a sample rate of 0.1 
Hertz. The data set includes windspeed, 
wind direction, temperature, and vertical 
velocity at 7 elevations, as well as pres- 
sure, wet bulb temperature, pyronometer, 
and rain gauge readings from selected 
elevations. The data were transcribed to 
9 track magnetic tape and made available 
for dissemination by the National Center 
for Atmospheric Research. The windspeed 
data recorded at an elevation of 26 meters 
were used in the model since this eleva- 
tion closest matches the equatorial eleva- 
tion of VAWTs of interest. The PDF of 
the windspeed time series is closely ap- 
proximated by the Rayleigh distribution 
with a mean windspeed of 10.4 mph (Fig. 

9). 

In addition to the Sandia/DOE 17-m EPC, 
two other types of EPC ' s have been used . 

The first type is generated by the com- 
puter code PAREP (Ref. 2) for a 17-m 
VAWT operating at 25, 30, 35, 40, and 45 
rpmVs. The second set of EPC Vs come from 
a one parameter family of piecewise linear 
curves defined by the function 


The parameter Vp is the cut in windspeed, 
satisfying P(Vo) = 0.0. This family of 
EPC*s was chosen to give a wide varia- 
tion in turbine characteristics depend- 
ing on only one parameter. 

Automatic control simulator tests con- 
ducted subsequent to the introduction 
of the additional windspeed time series 
and turbine EPC's have been made using 
only the "moving power" algorithm since 
this algorithm so clearly outperformed 
the three other purely electronic con- 
trol algorithms, and was nearly equal 
to the coast type algorithm. 

The dependence of the maximum algorithm 
efficiency on the EDF may take any num- 
ber of possible forms. After finding the 
maximum algorithm efficiencies for several 
cases by running many tests of the auto- 
matic control simulator corresponding 
to different data sets, plots were made 
of the maximum algorithm efficiency 
versus various properties of the EDF's, 

Two clear rel ati onshi ps emerged in the 
plots, either of which may be used to 
determine the approximate maximum algo- 
rithm efficiency correspondi ng to a 
given EDF. The first relationship is 
between the maximum algorithm efficiency 
and the slope of the EDF at the cut in 
windspeed, denoted Eq. The plot of the 
maximum algorithm efficiency versus Eq 
appears in Fig. 10, The second rela- 
tionship is between the maximum algorithm 
efficiency and the ratio 

R - , (1) 

where Vm is the windspeed at the maximum 
EDF, and Vq> as before, is the cut in 
windspeed. The plot of the maximum 
algorithm efficiency versus R appears 
in Fig . 11. 

From Figs, 10 and 11 it is apparent that 
the maximum algorithm efficiency may be 
given as a function of either Eqs the 
slope of the EDF at Vq » or the ratio, R, 
defined in Eq, (1), This functional 
relation may be used in a VAWT economic 
selection process for a given site, or 
more basically, in determining if a VAWT 
is badly suited control wise for a tur- 
bine site, as the Sandia 17-m turbine 
is for Oklahoma City with a maximum 
algorithm efficiency of 72^. 
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WIND TEST RECORD 
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ALGORITHM #1 - DISCRETE WINDSPEED AVERAGES 
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ALGORITHM EFFIGIENGY 1%) 
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ABSTRACT 


Previous results have D,2,3], been concerned 
with establishing (1) whether operating problems 
could exist when WECS generation is significant and 
(2) the proper modification of unit commitment, regu- 
lation, and economic dispatch required to provide 
sufficient system security and alleviate the oper- 
ating problems caused by WECS generation changes. 
This paper discusses methods of reducing the WECS 
generation change through selection of the wind tur- 
bine model for each site, selection of an appropriate 
siting configuration, and wind array controls. An 
analysts of wind generation change from an echelon 
and a farm for passage of a thunderstorm is presented 
to establish the factors concerning the wind turbine 
model and siting configuration that contribute to 
these variations. Detailed simulation results indi- 
cate more precisely how these factors can be 
exploited to minimize the WECS generation changes 
observed. Reduction of the wind generation change 
over ten minutes is shown to reduce the increase in 
spinning reserve, un loadable generation and load fol- 
lowing requirements on unit commitment when signifi- 
cant WECS generation is present and the farm 
penetration constraint is satisfied. Controls on the 
blade pitch angle of all wind turbines In an array or 
a battery control are shown to reduce both the wind 
generation change out of an array and the effective 
farm penetration In anticipation of a storm so that 
the farm penetration constraint may be satisfied. 

1. INTRODUCTION 

The research reported in this paper is an exten- 
sion of previous work [1,2,3]. The objectives of the 
earlier work was to determine: 

(1) if operating problems could exist on auto- 
matic generation control (regulation and 
economic dispatch), frequency regulation, 
and unit commitment when wind generation 
capacity is significant; 

(2) the penetration limits on wind generation 
capacity that would alleviate these oper- 
ating problems. 

The results indicated that there were two spe- 
cific operating problems which could both be elimi- 
nated with proper penetration constraints: 

(1) The automatic generation control will satu- 
rate for long periods when the total change 
in wind generation for passage of a thun- 
derstorm front and simultaneous load change 
in a ten minute interval will require non- 
wind generation change that exceeds load 
following capability in a ten minute inter- 
val. This problem violates NAPS I C perfor- 
mance standards but can be eliminated by 
imposing a farm penetration constraint on 
the capacity of all wind turbine generators 
that can be affected by a single thunder- 
storm front. 

(2) A cycling problem caused by simultaneous 
load and generation change that induce fre- 
quency deviations that exceed governor 
deadband. This continual cycling of steam 


turbine units is objectionable to generator 
operators and can cause increased main- 
tainance costs, forced outage rates and 
ultimately reduce unit life. The cycling 
of nuclear units is of concern for safety 
reasons in addition to those mentioned 
above. The cycling problem can occur due 
to a storm front sweeping through a wind 
generator array causing large power varia- 
tions on successive echelons. A echelon 
penetration constraint on the capacity of 
all WTGs that can experience simultaneous 
change in generation level will eliminate 
this cycling problem. 

A subsequent study [3] was devoted to a detailed 
discussion of the modification of unit commitment, 
regulation, and economic dispatch when WECS genera- 
tion is significant. A modified farm penetration 
constraint is determined that limits WECS generation 
to be less than the maximum first contingency loss of 
resource or commitment. A violation of this farm 
penetration constraint is shown to necessarily cause 
an increase in the maximum first contingency loss of 
resource or commitment to the level of the farm 
capacity and thus an increase in load following, 
spinning reserve, and unloadable generation require- 
ments on unit corrsnitment. A discussion of the 
methodology, costs and benefits of changing unit 
commitment, when WECS generation is significant and 
the farm penetration constraint is or is not vio- 
lated, is included. A discussion of the methods for 
modifying unit conmiitment is also included. Detailed 
simulation results that document the reduction of the 
effects of significant WECS generation change through 
the modification of the unit commitment regulation, 
and economic dispatch is also presented. 

A modified echelon penetration constraint is 
proposed which limits instantaneous change and rate 
of change of wind array generation that must be 
handled by frequency regulation and regulation con- 
trols. This constraint is imposed to limit cycling 
of units. 

This paper presents both analysis and simulation 
results that show how to decrease the WECS generation 
change over a ten minute interval through selection 
of the wind turbine generator model at each site, the 
siting configuration, and controls on the power 
variation out of the array. These direct controls of 
power out of the array are shown to also permit 
reduction of the effective farm penetration below the 
farm penetration constraint level and thus make the 
increase in spinning reserve, unloadable generation, 
and load following requirement depend on the probable 
change in WECS generation over a ten minute interval 
rather than on the farm capacity, which would be the 
maximum first contingency loss of resource or commit- 
ment for a particular utility if the farm penetration 
constraint were violated. 


2. ANALYSIS AND SIMULATION OF WIND GENERATION 
CHANGE FROM AN ECHELON AND A FARM 

The purpose of this section is to: 
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(1) brief ly describe the model and simulation of 
wind power change from an array of wind 
turbine generators for passage of a thun- 
derstorm front; 

(2) analyze the power change and rate of change 
from an echelon and a farm in terms of the 
factors that determine these changes; 

(3) review the methodology for determining 
spinning reserve, unloadable generation, 
and load following requirements on unit 
coiranmitment and briefly discuss how the 
selection of wind turbine models, siting 
configuration and wind array controls can 
influence these requirements, 

A model of a single MOD-1 WT6 and an array of 
wind turbine generators is developed. The MOD-1 WTG 
model, given in [l], is a static nonlinear model that 
relates generation to wind speed if the wind speed 
does not exceed the cut out velocity for a sustained 
period .which causes shutdown to avoid damage. The 
dynamics of the shutdown startup sequence is also 
modeled since a thunderstorm can cause such a shut- 
down. A similar model of a MOO-2 wind turbine is 
discussed in section 3 of this paper in order to 
compare the changes from an identical siting configu- 
ration of MOD-1 and MOD-2 wind turbines experiencing 
the identical wind speed profile. 

The farm nK)del, which is conroon for every wind 
turbine model, assumes the motion of thunderstorm 
front is normal to each echelon. The power out of the 
first echelon is then just the generation out of a 
single generator in this echelon multiplied by the 
number of generators in this echelon. The generation 

out of the j^^ echelon is the generation profile of 
this WTG in the first echelon (1) delayed by an 
interval {^j/Vq) proportional to the distance between 

the first and j*^ echelon and inversely proportional 
to the speed of the thunderstorm front, and (2) 

multiplied by the number of WTGs in the j^" echelon. 
The generation out of all echelons is simply summed 
to obtain the generation time profile for the farm 
for passage of a thunderstorm front. 

The worst case change and rate of change from a 
coastal farm will now be determined. The results are 
derived based initially on simulation of a worst case 
coastal farm experiencing a worst case thunderstorm 
wind speed versus time profile. 

The worst case MOD-1 siting configuration for a 
coastal farm D]> which is a farm located on the coast 
of a body of water, shows a 0.5 mi. spacing between 
50 generators in each echelon and a 2 mi. separation 
between two echelons. The echelons are assumed sited 
normal to the motion of the thunderstorm front. 

The wind speed profile of a worst case thunder- 
storm gust front on the WTGs in the first echelon is 
shown in Figure lA. The initial wind speed increase 
is due to the leading edge outflow and the second 
segment of high wind speed is due to the trailing edge 
inflow. The wind speed increases from 13 km/hr. at t 
« 0 to 26, km/hr. at t * 50 causing the power on each 
WTG in the first echelon to increase from zero to 
capacity (1.5 MW) in that interval. The power re- 
mains at capacity for speeds in excess of 26 km/hr . 
due to blade pitch controls. The thunderstorm front 
was chosen with a 13 km/hr. initial wind speed to 
cause maximum power variations out of any WTG. 


The power variation out of the coastal wind farm 
of MOD-1 WTGs, shown in Figure IB, shows two 75 
megawatt ramps each 50 seconds long which are the 
increases in generation due to the leading edge out- 
flow passing over the two echelons. The two pro- 
nounced power decreases are due to the shutdown of 
WTGs on both echelons caused by sustained wind speed 
exceeding cutout velocity. The time interval between 
the successive increases or decreases on the two 
echelons is 240 seconds. 



Figure 1 Simulation of Coastal Farm for a 
Thunderstorm Front 


The logic for initiation of shutdown of a WTG 
requires the output of a one minute smoothed wind 
speed W^^(k)> to exceed 64 km/hr. Thus, a shutdown 

only occurs for the trailing edge inflow because the 
excessive wind speed for the leading edge outflow is 
not sustained long enough to trigger a shutdown. 

The power out of any MOD- 1 WTG does not decrease 
after the first 50 seconds of the leading edge out- 
flow passes over (until the shutdown) due to the 
blade pitch control that maintains constant maximum 
generation over a wide range of wind velocities (26 
km/hr. - 64 km/hr.). 

An analysis of power variations out of an eche- 
lon and a farm is now performed to determine the 
factors that influence power increases and decreases 
for passage of a thunderstorm front. The analysis 
assumed all WTGs in a farm are similar, and arranged 
in straight paraTlel lines normal to the motion of 
the front. The analysis is not restricted to any 
particular WTG model if the parameter D is inter- 
preted as the distance between the leading edge of 
the thunderstorm and the point where the wind speed 
reaches Vj^, the wind speed at which that WTG model 

achieves rated generation. This maximum change and 
rate of change in generation is derived based on the 
additional assumption that the wind speed is below 
V^., the cut in velocity for the WTG before the front 

arrives. 

the time in seconds for a particular WTG to 
change its generation from zero to capacity for a 

thunderstorm front is 

Tj^ = 3600 D/Vq sec (1) 

where is the velocity of the front and 0 is the 

distance from the very leading edge of the front to 
the point internal to the front at which wind speed 
first reaches Vj^, the wind speed level just suffi- 
cient for maximum generation on that WTG irradel (C^). 
Thus a thunderstorm front with a minimum value of T„ 
due to a minimum value of D and a maximum value of V , 

O’ 
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would require a higher response rate for the governor 
frequency regulation and AGC regulation controls to 
handle this change In wind power generation without 
excessive or sustained chaage In frequency or area 
control error. 

The time Interval between Initiation of gen- 
eration changes on two adjacent echelons is 


T 3600 d 
T = —j— sec 

0 


where d Is the distance between echelons In miles. 
The distance d must be greater than D for the response 
of two adjacent echelons due to passage of the 
leading edge outflow not to overlap. The shorter T^ 

and d, the higher the response rate capability of the 
power system required to handle this generation 
change without excessive or sustained frequency or 
area control error changes. 


The maximum change of generation from an echelon 
of Ng WTGs with rated capacity is 


outflow are given by equations (3) and (6) where T^ 
and Tg satisfy^ equations (1) and (2) respectively. 

Results obtained In section 4, where generators In 
echelons are randomly sited In a strip D miles long 
rather than In straight lines normal to the motion of 
the front. Indicated that the rate of change of WECS 
generation In an echelon for passage of a thunder- 
storm trailing edge Inflow to be Identical to that 
for the passage of the thunderstorm's leading edge 
outflow. Thus, the formulas for rate of change of 
power from an echelon (3) or a farm (6) are appropri- 
ate for passage of both the leading edge outflow or 
trailing edge Inflow if the siting configuration Is 
not In straight lines normal to the motion of the 
front which will generally be true. 

These formulas will not be used to derive de- 
tailed expressions that indicate more precisely the 

dP. dP. 

factors that contribute to and -gg- so that the 

model WT6 and siting configuration can be selected to 
keep these WECS power generation rates below that of 
the power system average response rate capability. 


and the maximum average rate of change during period 
Tj^ required for passage of the leading edge outflow 

Is 



(3) 


The power rate of change out of an echelon is 
quite different depending on whether the density of 
wind turbines In an array Is or Is not uniform; i.e., 
whether the density of wind turbine In an echelpn, 
def 1 ned 

‘’e ■ D X D„ 

0 

Is or Is not Identical to the density In the farm 


The maximum average rate of change of power from an 
echelon during the period T^ required for shutdown 

during the passage of the trailing edge Inflow of a 
thunderstorm front is 


of 



The maximum power change out of a farm composed 
WTGs for passage of either the leading edge 


outflow or trailing edge inflow is 


^^f ^ ^f ^ 

The maximum average rate of change from the farm 
during the period (N^/N^ - 1) T^ + Tj^ required for the 

Increase in generation during the passage of the 
leading edge outlfow Is 



where T Is the time for the thunderstorm to move 
through the farm. The formula for power rate of 
change from an echelon (3) becomes upon substitution 
of (2) and (9) 



•’f ^ Vo Cw 


( 10 ) 


If = Pg as It Is more nearly In a low density 
midwestern farm siting configuration. Note that 
and are the velocity of the thunderstorm front and 
the width of the front respectively, Is the capac- 
ity In MW for the wind turbine model, and Is the 

uniform density of wind turbine In the farm In #/m1.^ 
The rate of change of power out of an echelon Is 



The maximum average rate of change from the farm 
during the period (N^/N^ - 1) ^ ^®9Wired for 


shutdown of all the echelons during passage of the 
trailing edge inflow of the thunderstorm front Is 



The formulas for WECS generation change out of 
an echelon and farm for passage of the leading edge 



if p0 ^ ais In the coastal farm siting configura- 
ble 

tlon. Note that in this case depend on 

Y • . y • ~ The slope of the power versus wind 
R Cl speed curve for a wind turbine 
model for the range of velocities 
Vr - Vqj where power can change. 


Q The slope of the wind speed profile 

of thunderstorm front for the dis- 
tance D Into the front. 
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0 - The distance Into a particular 

thunderstorm front where power will 
change on the WTG model considered 
or alternately the length of an 
echelon In the direction of motion 
of the thunderstorm front. 

The formula for power out of a farm (6) has the 

form 



(L ~ U)T - predicted change In thermal load In 

^ ten minutes 

T = .1667 hour = ten minutes 

Qy. Maximum probable drop In WECS genera- 

tlon output In 10 minutes 

Qy. Maximum probable rise In WECS genera- 

tlon output In 10 minutes 

Maximum probable rise In system load 
In 10 minutes 


upon subsltltutlon (1,2, 90 Into {6). Note when the 
density of an echelon Is the same as that of the farm, 
the rate of change out of an echelon Is the same as 
that out of the farm. 

It Is clear that the wind generation rates of 
change from an echelon (10,11) and farm (12) depend 
on the width (D^), speed (V^), and the slope 

— g — — of the leading edge outflow for the thun- 
derstorm front. The remaining parameters depend 

either on the WTG model (C^, y — " - y— ■, 0) or on the 

R Cl 

siting configuration (p^, p^, d). The effects of 

different WTG models and siting configuration charac- 
teristics on the change and rates of change from an 
echelon and a farm for different wind speed profiles 
will be demonstrated. In the next two sections of the 
paper. The purpose of studying the effects of WTG 
models and siting configuration patterns Is to ana- 
lyze how such factors can be used to minimize WECS 
generation change and thus minimize any Increase in 
load following, spinning reserve and unloadable gen- 
eration requirements provided through unit commitment 
modification when WECS generation Is present. These 
Increased requirements add to fuel, operating, and 
maintalnance costs but are required to maintain sys- 
tem security as discussed in [3]. Changes in regula- 
tion and economic dispatch (load following) controls 
must also be Implemented [3] to take advantage of the 
increased response and response rate capability pro- 
vided by the Increased spinning reserve, unloadable 
generation, and load following capability, when WECS 
generation Is present. Thus minimizing WECS genera- 
tion change by WTG model and siting configuration 
selection can either dramatically decrease or possi- 
bly eliminate the need for modifying the unit 
conmltment, regulation, and economic dispatch when 
WECS generation Is present. 

A brief discussion of spinning reserve, unload- 
able generation, and load following requirements and 
how they are affected by the magnitudes of the change 
and rate of change from an echelon and a farm Is now 
presented. The two factors that determine the 
spinning reserve, unloadable generation, and load 
following requirements are the maximum probable rise 

ALj^ and drop ALj^ in thermal load In ten minutes. 
These maximum probable changes are defined as 

AL|^ = - L|^)T + + 0,^ + QLk* 

AL|^ = max(-(L|^.^^ - L,^)T + 0} 

Where 

- thermal load at the k hour 


Q7. Maximum probable drop In system load 

In 10 minutes 

Dp Largest single resource (generation 

^ or Import) subject to failure 

D« Largest single conmitment (export) 

^ subject to failure 

The spinning reserve SRj^, unloadable generation 
SSj^, and load following capabilities LFj^ for a unit 
commitment where 

Required load -foil owing capacity 

f Average minimum generation level of 

load-following units as a fraction of 
maximum capacity 

g Average operating level of load- 

^ following units above level f(0£g|^ 5 

1 - f) 

r Average ramp rate of load-following 

units in % of rated capacity per 
minute 

are defined as 

SR|^ = n - f - 9|^) G,^ 

5% • 9k % ('*> 

LFj . lOr Sj 

when there Is no unconnected hydro or pumped storage 
units. Interruptible load, and unused but connected 
base loaded generation to contribute to spinning 
reserve and unloadable generation capability. The 
requirements for security on the system are that 

SRk = (1 - f - 9k) Gk ' (15) 

SSk'SkSk^^L- ( 16 ) 

LFk = lOr Gk 1 raaxlALk, ALk} (17) 

The presence of significant wind generation can 
affect the maximum first contingency loss of resource 
and commitment and the probable rise and 

drop In wind generation in ten minutes. The farm 

penetration constraint [3] limits the maximum change 
in wind generation in an array for passage of a 
thunderstorm to be less than the minimum of the 
maximum first contingency loss of resource or commit- 
ment 

Np Cy < m1n(0j^, 0^) (18) 
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where is the capacity of each of the wind 

turbines in the farm. If the farm penetration con- 
straint is violated in some region due to favorable 
economics and limited siting availability due to 
wind, environmental or other factors, then either 0^^ 

or Dq or both must be increased to the farm capacity 

and = 0. The logic for changing Dj^, or 

both is that the maximum first contingecny loss of 
resource or commitment is now the worst case changes 
in wind generation due to passage of the thunder^ 
storm's trailing edge inflow and leading edge outflow 
respectively as indicated by th^ simulation results 
given earlier in this section. and are set to 

zero because the effect of wind generation has been 
already included in adjustment of D|^ and and thus 

AL^ and AL^. 

If the farm penetration constraint is not vio- 
lated, Oj^ and are not changed and values of and 
Q^j^must be determined. These probable or predicted 
changes in wind generation (Q^^, Q^j^) depend on the 

anticipated wind conditions, the wind turbine models 
in the array, the siting of wind turbines, and the 
correlation of wind speeds at the various sites. 
These factors and their effect on the probable change 
in WECS generation in ten minutes will be discussed 
in the next two sections. 


3. EFFECTS OF THE WTG MODEL 


The analysis in the previous section showed that 
the change and rate of change of wind generation out 
of an echelon and farm are dependent on the following 
wind turbine model parameters; capacity C^, the slope 

of the change of power produced with wind speed 

YZ y - " » distance D into the leading edge 

R Cl 


outflow where the wind speed first reaches rated 
velocity for the WTG model. The capacity Cy and 


distance 0 are much larger for a MOD-2 WTG than for a 
MOD-1 while the slope rr-y . — is nearly identical for 

V^'ci 

the two WTG iiK)d€ls. Thus, the change and rate of 
change of generation for an echelon {10,11) and farm 
(12) of MOD-2 WTGs will be much larger than for an 
identical echelon and farm of MOO-1 WTGs. 


A detailed model and simulation of the MOD-2 and 
the MOD-2 wind farm was developed and is discussed in 
[3]. The discussion of the detailed operation of the 
MOD-2 is omitted here. The simulation of the coastal 
farm of MOD-2 wind turbines experiencing the Mitchell 
storm front is presented and compared with similar 
results for the MOD-1 presented in section 2. These 
simulation results on the MOO-2 confirm the results 
of the above analysis of the differences in power 
change and rate of change from the MOO-1 and MOD-2. 


Two methods for determining or setting 

were discussed in [3]. The first method Is based on 
reliability analysis that includes the statistics of 
WECS generation change on a particular array^for 
anticipated wind conditions and can select ALj^ in 

addition to Atj^. A second method would select and 

based on a weighted prediction of change of WECS 

generation change on a specific a.rrdiy md anticipated 
wind conditions. The weighting would depend on the 
operating procedure of the utility. 

The proper selection of wind turbine models and 
the siting configuration can dramatically reduce 
and when the farm penetration constraint is sat- 
isfied. Thus the analysis of how the factors in the 

wind turbine model y ^ - y , D) and the siting 

R Cl 

configuration (p^, d) can be selected to reduce 

WECS generation change can provide guidelines for 
siting wind turbine generators and model selection. 

The values of and D^ (and thus AL^ and AQcan 

not be reduced by wind turbine model or siting con- 
figuration selection if the farm penetration con- 
straint is violated since the Np C^ = = D^ and the 

farm penetration level does not necessarily depend on 
the wind turbine model and siting configuration but 
on the total capacity of wind turbines in an area 
swept out by a thunderstorm. The effective farm 
penetration can be reduced If the farm penetration 
constraint is violated by the controls discussed in 
section 5. These controls would reduce Dj^ and D^ and 

thus spinning reserve, un loadable generation and load 
following requirements if the farm penetration con- 
straint were violated. 


The power out of a coastal farm of MOD-2 wind 
turbines experiencing the Mitchell storm front is 
shown in Figure 2. Note that the power increases are 



1.75 MW/sec. 


which is larger than for the MOD-1 and that the period 
over which power changes on each echelon is Tj^ = 80s 

rather than 50s for the MOD- 1. Thus the total power 
change, the rate of change, and the period over which 
the change In power on an echelon of MOD-2 WTGs is 
significantly larger than for an identical ehcelon of 
MOD-1 WTGs experiencing the same Mitchell storm front 
as predicted from the analysis. 



Figure 2 The Power Out of a Coastal Farm of 
MOD-2 Wind Turbines Experiencing 
The Mitchell Storm front 


The power output of the MOD-2 WTGs in the first 
echelon fall with the decrease in wind speed after 
passage of the very high winds of the leading edge 
outflow. The power output of a MOD-1 remains con- 
stant during this period because - 18 mph is much 

lower on a MOO-1 causing the blade pitch controls to 
keep power output constant when wind speeds are above 
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The power Increase out of the second echelon 
starts at = 220s and is similar to that out of the 

first echelon. The power drop due to shutdown of the 
two echelons is quite rapid. The power decrease out 
of the first echelon is shown at t = 650 seconds 
followed almost iirmedlately by a ramp increase in 
power on the second echelon due to Increasing wind 
speeds for passage of the trailing edge Inflow over 
this seconcT echelon. 

4, EFFECTS OF SITING CONFIGURATION 
ON WECS GENERATION CHANGE 

The purpose of this section is to discuss how 
following factors affect ^the probable WECS generation 
change in ten minutes 

(1) density of WTGs in a farm when N^Cy is 
held constant; 

(2) uniformity of the farm siting configuration 
when N^Cy and values are held constant; 

(3) the wind speed characteristics of typical 
thunderstorms; and 

(4) the correlation of wind speed characteris- 
tics at various sites in an echelon and 
farm. 

This discussion will indicate how each of these 
factors affect probable changes in WECS generation 

for ten-minute intervals (Qyj^, Qyi^), and how one 

might attempt to minimize these probable changes and 
thus to minimize the changes in spinning reserye, 
unloadable generation, and load following capability 
required if the farm penetration constraint is satis- 
fied. The siting configuration has no affect on the 
spinning reserve, unloadable generation, and load 
following requirements if the farm penetration con- 
straint (18) is violated since the change in these 
requirements are embodied in changes in and to 

the farm capacity (N^Cy) and not changes in Qyj^ 

and Qyj^. 

The effects of increasing and not N^ or 
penetration N^Cy is indicated by simulating the WECS 

generation change out of a coastal farm of MOD-1 WTGs 
experiencing a Mitchell storm front when the distance 
between two echelons is decreased from 2 miles to 0,5 
miles. The power change from this modified coastal 
farm, where the total number of WTGs is unchanged but 
the farm density is increased 2.5 times, is shown in 
Figure 3A, The average WECS power change as a 
function of the length of the interval over which the 
average is computed is plotted for the WECS genera- 
tion change out of the modified coastal farm siting 
configuration in Figure 3B. Note that the average 
power system response rate capability curve is also 
Included in Figure 3. The increased farm density has 
not increased the instantaneous rate of change in 
power from an array but held it at the level for 100s 
rather than 50s. The farm and echelon penetrations 
have tq be reduced from 6 % and 3%, respectively, to 4% 
and 2%, respectively, so that the average WECS gen- 
eration change would not exceed power system response 
rate capability. If the density were Increased as 
indicated, while holding the number of WTGs (N^) and 

penetration (N^Cy) constant, the peak frequency and 

area control error deviations would be larger and 
would not be reduced to low values as quickly because 


the system response and response rate capability are 
more severely stressed by the same total WECS genera- 
tion change occuring in a shorter interval. 




Figure 3 Power Change and Rate of Change 
from the Modified Coastal Farm 
of MOD-1 WTGs 


The effects of reducing both farm and echelon 
siting densities without changing farm penetration is 
shown by simuTating the WECS generation changes from 
the midwestern farm and coastal farms of MOD-1 WTGs 
as shown in Figures 4 and 5. The midwestern farm has 
the same 100 WTGs in 10 echelons of 10 WTGs each with 
separation between every WTG equal to 0.7 miles. The 
spreading out of generation, by reducing p^ and p^ 

and reducing Pg to values that more closely approach 
Pf 

1,4 p^ midwestern 

Po " 

4 coastal 

eliminates the saturation of area control error, 
reduces frequency and area control error deviations, 
and permits the utility to handle the WECS generation 
easily in a manner similar to load changes. 

Thus, reducing farm and echelon density and 
maintaining echelon density at or near farm density 
levels (uniform low density farm siting patterns) 
could dramatically reduce WECS generation changes in 
ten minutes and the need to increase load following. 
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spinning reserve, and unloadable generation require- 
ments. It should be noted wind speed characteris- 
tics, site availability, legal and environmental con- 
straints seriously limit the ability to select 
uniform low density siting configurations. A coastal 
farm, where wind speeds drop as distance from the 
coast Increases, Is one example where higher non- 
uniform density configurations are likely. 



Figure 4 Effects of Power from a Coastal Farm 
on System Frequency and ACE 
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Figure 5 Effects of Power from a Midwestern 
Farm on System Frequency and ACE 


The siting pattern assumed to this point is that 
all WTGs are sited in straight lines normal to the 
front although the definition of an echelon included 
all generation in strip miles wide and 0 miles long 

in the direction of the motion of the storm front. 
The echelons were separated by a distance d which was 
greater than the MOD-1 or MOD-2 WTG value of 0 for the 
coastal and midwestern farm configurations. The 
effects of randomly siting WTGs in the farm main- 
taining a 0.5 mi. separation between WTGs, which 
avoids turbulence and loss of efficiency, was inves- 
tigated for both coastal and midwestern farms. This 
random siting has the effect of making the density 

of WTGs in every D x area smaller and much closer 

to farm density levels. Thus, this random siting 
shows the effect of spreading out the siting within 
an echelon and the effects of reducing echelon 
density. 

The coastal farm, with a d = 2.0 mile separation 
between echelons, was randomly sited by restricting 
all WTGs within the two mile strip but maintaining a 
0.5 center band within this strip to satisfy the 
turbulence avoidance constraint. Note from Figures 1 
and 6 for the original and randomly sited coastal 
farm, respectively, that randomly siting WTGs has 
smoothed out the power Increases for passage of the 
thunderstorm leading edge outflow so that the rise is 
continuous with no intervals where WECS generation 


change has stopped. Random siting has made the drops 
in generation due to passage of the trailing edge 
inflow almost as smooth and continuous as the in- 
creases. This result indl cates that the large almost 
instantaneous drops in generation, that could occur 
due to simultaneous loss of generation on an entire 
echelon, is not likely since the siting configuration 
is not likely to be perfectly straight lines normal 
to the motion of the thunderstorm front. The large 
frequency changes, which result due to the Inability 
of frequency regulation to cope with such large 
Instantaneous change, is also not likely. 

The average response rate over a 70 second 
Interval for this random sited coastal farm and the 
original farm are almost identical, as can be seen by 
comparing the power change on the two farms at t = 70s 
in Figures 6 and 1. This indicates random siting has 
virtually no effect on the average rate of change 
that must be coped for by frequency regulation and 
regulation in 60 seconds given by (10) for this 
Mitchell front. However, randomly siting the coastal 
farm would likely have greatly reduced the WECS gen- 
eration changes for the 0* Hare 6 wind speed profile, 
shown in Figure 7B, where adjacent echelons of the 
coastal farm had simultaneous increases. This random 
siting of echelons, which makes echelon densities 
smaller and mre equal to farm density, could thus 
have decreased the changes in WECS generation out of 
the coastal farm. This result confirms that 

(a) reducing echelon density and penetration, 
and 

(b) making echelon density uniform by making it 
more nearly equal to farm density 

decreases WECS generation change over ten minutes 
Q^k) well as instantaneous rates of change 


which must be handled by frequency regulation and 
regulation controls. 



Figure 6 Random Sited Coastal Farm of 
MOO-2 WTGs with the Mitchell 
Storm Front 

Wind speed time profiles during thunderstorms at 
ChIcagoVs O'Hare International Airport and at 
Ludington, Ml were measured and used at inputs to the 
original coastal farm siting configuration of MOD-^2 
WTGs, replacing the Mitchell storm front wind speed 
profile used exclusively up to this point. The power 
fluctuation out of this coastal farm for these vari- 
ous thunderstorm wind speed versus time profiles are 
given In Figures 70. 

The actual measurements of wind speeds at these 
sites indicate there can be several peaks and lulls 
in a wind profile (Figures 7A-7C ) and that the 
time interval between peaks can vary between 10 min- 
utes to 40 minutes. The gradual buildup of wind speed 
for an advancing storm and the eventual peaks and 
lulls in the actual storm can be seen in Figure 7D. 
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The power from the coastal farm indicates that 
WECS generation changes can occur simultaneously on 
the two echelons which was not true for the Hitchell 
front. These WECS generation changes sometimes add 
giving short term ( *“1 minute) WECS generation change 
that is larger than can occur on a single echelon. 
This occurs at t “ 300s and T800s In Figure 7B where 
yECS generation changes reach 150 HlS and 170 W when 
the capacity of the echelon of H0D-2s 1$ 120 MW. The 
repetition ot these changes In wind speed and genera- 
tion and the long duration of the thunderstorms (- 1 
hour) were not anticipated based on the Mitchell 
storm front data. 



Figure 7A O'Hare 2 Storm Front on the 
Coastal Farm of MOD-2 WTGs 



Figure 7B O' Hare 6 Storm Front on the 
Coastal Farm of MOD-2 WTGs 



Figure 7C O'Hare 5 Storm Front on the 
Coastal Farm of MOD-2 WTGs 



Figure 70 O'Hare 4 Storm Front on the 
Coastal Farm of WD-2 WTGs 


The effects of these large and cyclic power 
variations from the coastal farm of M00-2s experi- 
encing the 0*Hare 6 wind speed versus time profile is 
shown In Figure 8. The simulation is performed on 
the 4000 MW system with 5% load following capability 
and experiencing ^/min. load change for ten minutes 
in addition to these WECS generation changes on the 
5.5% penetration coastal farm. The power variations 
from the coastal farm with OVHare 6 wind speed pro- 
file is large and oscillatory. This is observed In 

large area control error and frequency deviations 
that reach peak to peak 150 MW and .03 hz respectively 
at t - 300s and approximately similar values at 
1800s. The area control error saturated In both 
positive and negative directions within 100s In each 
case. Economic dispatch and economic dispatch/regula- 
tion units take on the load increase over the first 20 
minutes and then respond to the overall cyclic (t = 
800s) power changes In WECS generation, but not the 
faster changes seen on base and hydro units. 



Figure 8 Effect of the O' Hare 6 Storm Induced 
WECS Generation Change on System 
Frequency and ACE 

The large power changes from the coastal farm 
with O' Hare o wind speed profile are truly excessive 
for the 4000 MW system not only in size but also in 
terms of their repetition at t - 300, 1800 and 2700s 
and the duration of these changes (t = 3600). The 
size of these oscillations is due, in part, to the 
occasional overlapping of generation Increases or 
decreases on different echelons. These large WECS 
generation changes can repeatedly cause saturation in 
area control error in both directions over a very 
short Interval. 

It would appear that reducing farm and echelon 
density without changing farm penetration would re- 
duce the magnitude of these fluctuations. This is 
shown In Figure 9 where the O'Hara 6 wind speed 
profile is inserted into the midwestern farm configu- 
ration. Note that compared to coastal farm changes 
in WECS generation, shown In Figure 9b, the peaks and 
sharp valleys have been eliminated. The result in- 
dicates high echelon and farm density can have a 
major effect on the WECS generation changes over ten 
minutes as well as those over 60 seconds thus In- 
creasing spinning reserve, unloadable generation, and 
load following requirements as well as effecting the 
measures of operating reliability such as the average 
area control error and interval between area control 
error zero crossings. 

It should be noted that the width of peaks and 
valleys, and duration between such peaks and valleys, 
probably are related to the very structure of a 
thunderstorm wind pattern. If statistics were deter- 
mined on the width of peaks and valleys and duration 
between them, rules or principles for siting in 
coastal and midwestern farms could be developed that 
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would minimize WECS generation change out of an 
array. The analysis of wind speeds and the appro- 
priate principles for siting HTGs is a subject for 
further research* 



Figure 9 O'Hare Storm Front on the Midwestern 
Farm of MOD-2 WTGs 

The analysis and simulation of thunderstorm 
induced WECS generation changes have assumed that the 
wind speed at every point along a straight line 
normal to the direction of front motion is identical 
and perfectly correlated and that the wind speed 
profile propagates at so that each WTG observes 

the same wind speed profile. This may not be true in 
reality and thus an effort is made to assess what 
effect the assumption of perfect correlation of wind 
speed in an echelon and the assumption that the wind 
speed profile propagates from echelon to echelon 
unchanged has on the size of power variations from a 
farm. The present correlated echelon wind farm model 
works as follows. 

The power out of a single WTG is multiplied by 
the number of WTGs in an echelon and then this echelon 

power output is delayed by to get the output 

0 

of the nth echelon. The output of all echelons is 
then summed. This wind farm model assumed all wind 
speeds in an echelon are perfectly correlated and 
that the wind speed profile propagates from echelon 
to echelon. A second wind farm model assumes power 
out of each WTG is independent. If power out of each 
WTG is assumed to be a gaussian process, then if all 
wind turbines in a farm see independent identical 
stationary ergodic wind speed processes, a sample 
function of the power out of such a farm is 

Pf(t) = (Pw(t) - «.x) 09) 

t 

Where m^^ = ^ function 

of the power out of a single WTG for this wind speed 
process. A perfectly correlated model of power out 
of a farm assumed the wind speed process at every WTG 
are an identical stationary ergodic gaussian 
processes which are perfectly correlated so that 

Pf(t) = N^P^(t) (20) 

The output of independent model, perfectly 
correlated model, and the perfectly correlated 
echelon wind farm model are shown for wind speed 
profiles measured during thunderstorms at O'Hare 5 
and 6 in Figures 10 A-C, respectively and 11 A-C, 
respectively. Note that power variations out of the 
perfectly correlated model, perfectly correlated 
echelon model, and independent model are generally 
successively smaller. There are exceptions when the 
perfectly correlated echelon model has larger power 
variations than the perfectly correlated model, which 
occurs when power increases on different echelons 
simultaneously. 


The assumptions concerning the. correlation of 
wind speeds at various sites thus not only affect the 
magnitude of the variations over a one minute inter- 
val but also the variations over a ten minute inter- 
val. Thus, the correlation of wind speeds can sig- 
nificantly affect the statistics of the changes in 
WECS generation out of an array ovey a ten minute 
Interval and thus the selection of in the 

load following, spinning reserve, and unloadable gen- 
eration requirements. 



Farm with O'Hare 5 Wind Speed Profile 



Figure 11 Independent, Correlated Farm, and 
Correlated Echelon Wind Speeds on 
WECS Generation from the Coastal 
Farm with O' Hare 6 Wind Speed Data 

6. EFFECT OF WIND ARRAY CONTROLS 

The previous two sections discussed factors, 

Cy 

which depend on the WTG model (Cy, D. r r - » -) and 

W V|^ - V^J 

siting configuration (p^, p^, d), that affect prob- 
able WECS generation change The selec- 

tion of wind turbine models and siting configuration 
are often based on economics, wind conditions, site 
availabiltiy and other factors which do not permit 
the most favorable WTG selection and siting 
configuration combination. Moreover as WECS genera- 
tion penetration increases no WTG model and siting 
configuration will reduce the probable changes (Qy|^, 

in WECS generation sufficiently to eliminate the 

need for Increased spinning reserve, unloadable gen- 
eration and load following requirements and the 
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appropriate rm)d1f1 cation of regulation and economic 
dispatch controls as described In [3], Finany, WTG 
model and siting configuration selection only have 
effect on reducing the need for modifying unit 
correnltment, regulation^ and economic dispatch If the 
farm penetration constraint is satisfied. 


The direct controls of WECS generation change, 
discussed In this section, can: 

(1) reduce the effective farm penetration when 
thunderstorms are present and thereby make 
an array that would otherwise violate the 
farm penetration constraint effectively 
satisfy the constraint. This satisfaction 
of the farm penetration constraint thus 
makes the Increase In spinning reserve, 
unloadable generation, and load following 
requirement depend on the probable ^hange 
In WECS generation 1n ten minutes and 

and not on the modification of and 
Dq to Np 

(2) significantly reduce the probable W|CS gen- 
eration changes in ten minutes 

assuming that WTG model and siting configu- 
ration have been appropriately selected and 
that the effective penetration of the array 
with these controls present satisfies the 
farm penetration constraint. 

Two direct controls limit the WECS generation 
change out of an array during any ten minute interval 
by coordinated control of blade pitch angles of all 
WTGs In an array. These controls would also reduce 
the apparent farm penetration during thunderstorms so 
that it meets the farm penetration constraint. One 
of these controls would clip WECS generation change 
In any ten minute Interval and the other causes 
partial shutdown of each echelon In anticipation of 
the storm so that the effective farm penetration 
satisfies the farm penetration constraint and the 
WECS generation changes are capable of being handled 
by the unit corranitment, regulation, and economic dis- 
patch controls that are set when WECS generation is 
not present. 



Figure 12 Effect of Partial Shutdown on 
ACE and Frequency Deviation 


6. CONCLUSIONS 

The paper discusses methods of reducing the wind 
generation changes from an array for passage of a 
thunderstorm by wind turbine model selection and site 
configuration selection. Coordinated blade pitch 
controls are also discussed and can be used to reduce 
the effective farm penetration level so that the farm 
penetration constraint is not violated. Satisfaction 
of this constraint implies that the added spinning 
reserve unloadable generation and load following re- 
quirement on unit commitment and the added response 
capability of AGC controls depends on WTG model se- 
lection and site configuration selection and not on 
the capacity of the farm. These coordinated blade 
pitch controls on each WTG in the array could also 
reduce the wind generation change out of an array 
much as wind turbine model and site configuration 
selection. The wind generation change after appro- 
priate wind turbine model selection, site configura- 
tion selection, and coordinated blade pitch controls 
must be responded to by the units under AGC control. 
Limitation on site availability and wind turbine 
model selection and economic incentives for higher 
density siting may contribute to a rather significant 
change and rate of change in WECS generation espe- 
cially during severe weather conditions. The adjust- 
ment of unit cormnitment to allow sufficient spinning 
reserve, unloadable generation, and load following 
capability and the adjustment of AGC controls to 
exploit the response eapabilitv available from unit 
cormnitment are discussed in [3l. 


The partial shutdown of each echelon reduces 
both the ramp WECS generation increases and the 
sudden WECS generation drops on each echelon by 50%. 
the area control error, frequency, and tie line power 
deviations for each of these changes Is thus 
decreased by approximately 50% also. 

Frequency regulation is seen to be more capable 
of quickly reducing frequency deviations after the 
sudden drops of WECS generation on each echelon be- 
cause they are smaller. Finally the saturation of 
area control error after the drop in WECS generation 
on the second echelon is reduced from 500s to 100s 
indicating the effectiveness of a partial shutdown in 
anticipation of the arrival of a thunderstorm front. 

This partial shutdown would require wind speed 
monitors .to detect the approach of a thunderstorm 
from any direction. Both clipping and partial shut- 
down would result In lost energy and that may some- 
what reduce the economic attractiveness of the wind 
turbine arrays. 
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MEASURED AM) CALCULATED CHARACTERISTICS OF WIND TURBINE NOISE 


George C* Greene 
NASA Langley Research Center 
Hampton, Virginia 23665 

ABSTRACT 

This paper presents the results of an analytical and experimental investigation of wind turbine noise* 
Noise calculations indicate that for configurations with the rotor downwind of the support tower, the 
primary source of noise is the rapid change in rotor loading which occurs as the rotor passes through 
the tower wake. Noise measurements are presented for solid and truss- type tower models with both upwind 
and downwind rotors. Upwind rotor configurations are shown to be significantly quieter than downwind con- 
figurations. The model data suggest that averaged noise measurements and noise calculations based on 
averaged tower wake characteristics may not accurately represent the impulsive noise characteristics of 
downwind rotor conf igtirations. 


INTRODUCTION 

One of the desirable characteristics of wind turbines 
is their minimal effect on the environment when com- 
pared to other methods of power generation. In par- 
ticular, there is little evidence to suggest that 
wind turbines should be noisy. For example, ref- 
erence 1 presented detailed noise measmrements to 
show that the acoustic impact of a 38m (125 ft.) 
diameter, 100 kw wind turbine is minimal. 

However, the noise resulting from the operation of 
a recently constructed 61m (200 ft.) diameter, 2000 
kw wind turbine at Boone, North Carolina has caused 
concern for the community noise impact of very large 
wind turbines. The Boone wind turbine, designated 
the MOD-1, has caused nearby residents to complain 
of a periodic thumping sound. Noise calculations 
presented in reference 2 showed that for wind tur- 
bines such as the MOD-1 which have rotors downwind 
of their support towers, the dominant noise source 
can be the rapid change in rotor loading which 
occurs when the rotor passes through the tower wake. 
Because of the severity of the MGD-1 noise problem, 
an analytical and experimental investigation was 
conducted to identify promising noise control methods. 
The purpose of this paper is to present the results 
of that investigation and to provide some guidelines 
for designing wind turbines using both solid and 
truss- type towers. 

NOISE CALCULATIONS 

The noise calculations described herein were made 
using the technique described in reference 3. This 
is a "first principles” noise prediction technique 
which requires as input the detailed load distribu- 
tion of the rotor as a function of time. It has 
been shown to give excellent results for propeller 
configurations where the blAde loading is accurately 
known. Therefore, the principal difficulty in 
accurately calculating wind turbine noise is de- 
fining the rotor loading as it passes through the 
tower wake. 

There are several options available for estimating 
rotor loadings for input to the noise calculations. 
One is to use wind tunnel measurements of tower 
wake characteristics such as those presented in 
reference 4. These are average wake characteris- 
tics and can be used to calculate average noise 
characteristics. Several researchers have made 
noise calculations using these wake characteristics 
and have obtained reasonably good agreement with 
average noise measurements on the MOD-1 wind tur- 
bine. 


There has been no attempt to estimate the transient 
wake characteristics and rotor loadings which might 
be used for a more accurate noise prediction, and 
with good reason. As can be appreciated from 
figure 1, the MOD-1 rotor operates in a very com- 
plex wake which must vary considerably with wind 
speed (Reynolds number) and wind direction. 

In addition, the wind turbine is sittiated in a 
small clearing surrounded by deciduous trees. The 
tree tops, which can be seen in figure 1, are approxi- 
mately the same height as the bottom of the rotor 
disk. Therefore, there can be a significant seasonal 
change in the turbine noise noise resulting from the 
change in the thickness of the atmospheric boundary 
layer. When the trees lose their leaves, the wind 
speed through the tower can be higher and therefore 
the rotor can experience a greater change in loading 
as it passes behind the tower. 

Because of the complexity of the wake and since 
there were no rotor load measurements on the MOD-1 
machine, initial calculations to understand noise 
mechanisms were made using very simplistic models 
of the rotor loading as it passed through the tower 
wake. Figures 2 and 3 show three assumed loading 
models and the corresponding time histories and 
spectra. The baseline case assumed no tower inter- 
ference and resulted in no noise which would be 
visible at the scale used in figure. 2. This case 
approximated the upwind rotor configuration. The 
level of the fundamental for this case is shown as 
the solid symbol in figure 3, all higher harmonics 
were insignificant. 

The other two cases were single and double "notch” 
wake loadings to determine if the noise was due to 
the general existence of the wake or to the details 
of the wake structure- The single "notch” loading 
is seen to produce a single impulse time history 
while the double "notch" produces a double impulse 
as one would expect. The levels of the pressure 
impulses are approximately the same as are the 
overall noise levels. In the frequency domain it 
can be seen that the double "notch" loading causes 
the maximum noise levels to shift to a higher fre- 
quency. This results in a dramatic increase in 
the apparent loudness of the noise. Since the MOD-1 
noise data contain multiple pulses, it was con- 
cluded that the MOD-1 noise problem was due pri- 
marily to the change in rotor loading caused by the 
individual tower leg wakes. It was also apparent 
that if the wake could be changed to produce a 
rotor loading more like the single notch, then the 
audible noise level could be reduced. 
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EXPLORATORY NOISE TESTS 

A series of exploratory noise tests were conducted 
to determine if the trends which were predicted 
analytically could be duplicated in the wind tunnels 
The cylindrical shapes shown in figure 4 were tested 
upwind of a model airplane propeller. Three of the 
cylinders werV made of screens of varying porosity 
for comparison with a solid cylinder of the same 
diameter. In addition, two smaller cylinders were 
tested, one with a spiral strake and one plain. 

Average noise spectra were generated for each of 
these configurations. These measurements confirmed 
the analytical trends in that the fine mesh and 
solid cylinders were significantly quieter than 
the more porous cylinders. A simple truss struc- 
ture, shown in. figure 5, was also tested. Average 
noise spectra were generated for both the basic 
tower configuration and with part of the tower 
taped to represent a solid surface. The taped 
portion of the tower was adjacent to the outer half 
of the rotor blade. Again, the average noise spec- 
tra indicated a significant reduction in noise. 

MOD-1 MODEL TESTS 

Based on the results of the exploratory tests, a 
model of the MDD-1 tower was constructed and tested 
in an anechoic wind tunnel. The overall installa- 
tion in the anechoic wind tunnel is shown in fig- 
ure 6(a) and a close-up of the tower is shown in 
figure 6(b). Tower details were carefully scaled 
in order to reproduce as nearly as possible the de- 
tails of the tower wake. The geometric scale was 
1:140 and the wind tunnel speed was 21 m/sec (70 
f t/sec) • This resulted in a model Reynolds number 
about 1/100 of the full scale value (depending on 
wind speed) . The rotational speed of the rotor was 
chosen to match the model and full scale tip speeds* 
Because of the high rotational speeds, the model 
rotor had a straight blade (no coning) to minimize 
structural problems. The MOD-1 rotor planform and 
twist were modeled as closely as possible. 

Because the model blade was straight, it was not 
possible to duplicate the rotor/ tower spacing along 
the entire blade. The .75 radius position was 
chosen to match the spacing. Therefore, the outer 
portion of the blade operated closer to the tower 
than full scale and the inner portions were further 
away. 

Noise measurements were made with a microphone lo- 
cated outside the wind stream at a slant distance of 
1.8m (6 ft.). The microphone was downwind of the 
rotor plane at an angle of 56 degrees from the rotor 
axis and an azimuth position of 120 degrees, measured 
counterclockwise (facing upwind) , from a zero degree 
position with the rotor blade tip at the base of 
the tower. 

Figure 7 shows the average noise spectra for the 
MOD-1 model rotor without any flow interference 
other than the upstream influence of the stream- 
lined rotor mounting strut. This represents the 
minimum noise level which could be achieved with 
the model rotor in the airs tr earn. Since the model 
scale factor is 140:1, a full scale frequency of 
ZO Hz corresponds to a model frequency of 2800 Hz. 

Figure 8 shows the average noise spectra for the 
MOD-1 upwind configuration with the wind perpen- 
dicular to the side of the tower. As expected, 
there was very little Increase in noise since the 
upstream influence of the tower is not significant 


beyond a few diameters of the largest structural 
members* 

The upwind results are quite different from the 
downwind configuration results shown in figure 9* 

The average spectra show the expected substantial 
increase in harmonic or rotational noise. The 
data, taken with the wind perpendicular to the 
face of the tower, are typical of the downwind 
data although the noise spectra varied considerably 
as the wind direction relative to the tower was 
changed. This is not surprising since the tower 
wake and the relative spacing of the rotor and tower 
change with wind direction^ However, thef e were no 
wind directions where the noise levels approached 
the low levels experienced in the upwind configura- 
tion. 

Since the exploratory tests showed a substantial 
difference between solid and open towers, tape was 
applied to the MOD-1 model to simulate a solid tower. 
Figure 10 shows the average noise spectra for the 
tower with tape applied to the portion of the tower 
adjacent to the outer half of the rotor. As pre- 
dicted by both the analysis and the exploratory 
tests, the periodic or rotational noise was essen- 
tially eliminated and replaced with what appears as 
broadband noise above a frequency of about 2800 Hz 
(20 Hz full scale) . Since the*^ primary MOD-1 noise 
complaint was a periodic thumping rather than broad- 
band noise, the solid tower averaged data suggested 
that a significant noise reduction might be possible. 

TRANSIENT EFFECTS 

All of the results presented thus far, both calcu- 
lations and measurements, assumed that the noise 
problem can be characterized in an average sense. 

In this section we will examine that assumption in 
terms of model noise measurements. Before discuss- 
ing the model measurements it is appropriate to 
describe the difference in the way people percieve 
low and high frequency periodic noise. It should 
be pointed out that this is not a well understood 
subject and that these comments are based only on the 
author’s experience. ' 

A noise spectra contains a subset of the informa- 
tion contained in the time history. A spectra des- 
cribes the frequency content of the signal but 
contains no information on the impulsive or nonim- 
pulsive nature of the signal. This is not a prob- 
lem for most of the frequency range since the in- 
finite number of time histories which can be gener- 
ated from a given spectra will all sound the same, 
whether impulsive or not. However, for very low 
frequency noise, such as that generated by the 
MDD-1 wind turbine, the "character” of the time 
history can be Important and, in particular, whether 
or not the signal is impulsive. The ear can discern 
each pressure impulse or thump from the MDD-1 and 
therefore the "character" of each thump is important. 
Since the pressure pulses can be influenced by ran- 
dom wake characteristics, they will not in general 
be exactly the same and therefore some thumps may 
sound louder than others. If the noise is averaged, 
the high frequency characteristics of the individual 
Impulses tend to be lost. This may result in an 
underestimation of the noise actually generated. 

Figure 11 shows an average noise spectra for a 
model configuration identical to the nominal MOD-1 
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configuration except that the rotor was positioned 
approximately four tower leg diameters further 
downwind« When compared with the average spectra 
for nominal spacing, figure 9, there does not 
appear to be a significant difference due to the 
increased spacing. 

The time histories for the nominal and increased 
spacing are shown in figure 12. The wake struc- 
ture is Obviously very different for the two 
cases as evidenced by the complete change in 
character of the noisa time histories. Although 
it is not possible to describe how these would 
souiid if extrapolated to full scale, it seems 
probable that the alternating single and double 
pulses of the nominal spacing time history would 
sound different than the double pulses of the In- 
creased spacing time history or an average time 
history. The difference in the time histories 
shown in figure 12 is typical of the changes which 
occurred each time the tower configuration, wind 
direction or rotor spacing was changed. In 
general, it was not possible to look at the aver- 
age noise spectra and estimate the character of 
the time history. 

Another way of demonstrating the variability of the 
noise signal is to compare the averaged time his- 
tories. Figure 13 shows the average time histories 
for the taped-over or "solid” MOD-1 model at both 
the nominal tower/rotor spacing and with the spa- 
cing increased by approximately 2/3 of the over- 
all tower "diameter." The rotor tachometer signal 
was used as a trigger to begin each signal average 
at the same shaft position. This technique en- 
hances periodic signals and averages out the ran- 
dom components. The data in figure 13 are the 
result of 32 averages. 

The nominal-spacing average time history shows the 
very consistent single pulse caused by the solid 
tower wake. In sharp contrast is the signal re- 
sulting from increasing the tower /rotor spacing. 

The time history of the impulse is highly variable 
and apparently random in nature since the average 
time history shows no periodic content. 

The data in figure 13 are not typical although 
the same phenomena occurred for another configura- 
tion. In general, the averaged signal was still 
periodic with the pressure pulses being less dis- 
tinct and more rounded than a single impulse. In 
the frequency domain this would correspond to a 
loss of the higher frequency portion of the sig- 
nal which might significantly affect the apparent 
loudness of the noise. Therefore one should be 
very careful in interpreting averaged measure- 
ments of an unsteady low frequency noise. 

12 SIDED TOWER TESTS 

Tests were also conducted using the 2 cm diameter, 
12 sided tower shown in figure 14. Figure 15 
shows the average noise spectra for the configura- 
tim with the rotor located 2 diameters upwind of 
the center of the tower. The noise levels are not 
significantly different from the no- tower data of 
figure 7 or the MOD-1 upwind data of figure 8. 

The average noise spectra for the downwind config* 
uratlon (x/D « 2.8) is shown in figure 16. The 
harmonic noise falls off very rapidly compared to 
the M0I>-1 downwind results of figure 9. These 
average spectra suggest that a small solid tower 
would not have a noise problem. However, when 


viewed from the time domain there is some uncer- 
tainty as to how noisy this tower might be. 

Figure 17 presents a comparison of time histories 
for the HPD-1 and 12 sided towers with downwind 
rotors. Note the occurrence of multlpeaked pulses 
in addition to the expected single-peaked pulses 
in the solid to^er time history. It is not known 
whether or not these multlpeaked pulses would 
exist for a full scale wind turbine. If they did 
exist, they might produce a thump about as loud 
as the MOD-1 thump. Since they do not occur peri- 
odically, an averaged measurement might not show 
their existence. 

GONCLDDING REMARKS 

The MOD-1 "thump" is the result of the interaction 
of the turbine rotor and the complex tower wake. 
Detailed calculations of the noise would require 
a detailed description of the rotor loading as it 
passes through the complex tower wake and would 
be difficult to make with certainty. However, 
average noise calculations using average wake 
characteristics are in general agreement with 
average noise measurements. 

Calculations and model tests indicate that placing 
the rotor upwind of the support tower minimizes 
the noise risk. It is difficult to extrapolate 
model results for the downwind configuration to 
full scale since all the parameters which affect 
the wake affect the generated noise. The inherent 
unsteadiness of wake flows may produce noise which 
is louder than would be expected from average mea- 
surements or calculations based on average wake 
character is tics • 
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Figure 9**- Average noise spectra for MOD-1 model 
in the downwind configuration* 
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Figure 10.- Average noise spectra for MOD-l "solid" 
tower model. 
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Figure 13.- Effect of tower/ rotor spacing on the 
average time histGries for the MOD-1 
"solid" tower model. 
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Figure 11.- Average noise spectra for MOD-1 tower 
model with the rotor approximately 
4 tower leg diameters further downwind. 



Figure 14.- Twelve-sided tower installed in 
the anechoic wind tunnel. 
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Figure 12.- Effect of tower/rotor spacing on the 
character of the noise time history. 
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Figure 15.— Average noise spectra for the 

12-sided tower model with the rotor 
located 2 tower diameters upwind. 
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Figure 16 Average noise spectra for the 12- 
sided tower with the rotor located 
2® 8 tower diameters downwind® 
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Figure 17«- Comparison of time histories for the 

MOD-1 and 12-sided tower models in the 
downwind configurations « 
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QUESTIONS AND ANSWERS 


G. Greene 


From : G . P . Tennyson 

Q: Have measurements or calculations been made to determine the effects of blade plan- 

form and twist on noise? (Optimum diametrical loading should reduce shear, particu- 
larly at the blade tips and hence, noise.) 

A: Only for yvopeller noise ^ i.e., studies by OSU and MIT. 

From : R . J . Tempi in 

Q: Did you investigate the effect of blade speed on noise, and if so, what was the 

effect? 

A: Did ndt investigate . 
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DYNAMICS OF WAKES DOWNSTREAM OF WIND TURBINE TOWERS 

Melvin H. Snyder* and W,H. Wentz, Jr,* 

Wind Energy Laboratory 
Wichita State University 
Wichita, Kansas 67208 


ABSTRACT 

The near- field wakes downstream of circular cylinders and of 12-s1ded cylinders were surveyed In a wind 
tunnel. Local velocity and velocity deficit dlagrains are presented. The variation of turbulence In the 
wake was surveyed and the frequency of the periodic component of wake motion was determined. Differences 
between wakes of circular cylinders and of 12-sided cylinders are discussed. Also effects of strakes, 
orientation of the 12-slded cylinders, and rounding of the corners are noted. 


SYMBOLS BACKGROUND 


D Diameter of cylinder (or of circumscribed 
circle) 

f Frequency of periodic component of wake 
motion 

N Number of samples taken at data point 

q Dynamic pressure, 1/2 p V^ 

r Radius of curvature of corners of 12-slded 
cylinders 

R Cylinder radius - D/2 

Re Reynolds number = pVD/n 

S Strouhal number =? fD/V^ 

Average local velocity 

niean 

U U 

mean 

u^ x-component of local velocity 

^rms Standard deviation (see text) 

1 - (“x/Vj 
Frees tream velocity 

X Streamwise distance downstream measured 

from centerline of cylinder to plane of 

survey in cylinder diameters 

y Distance along the cylinder axis 

z Distance normal to the x-z plane and 

measured from x-z plane passing through 
cylinder centerline 

Half-width of wake 

a Orientation of 12-slded cylinder, see 

text 

a Standard deviation = u^j^s 


* 

Professors of Aeronautical Engineering 


Wind turbine towers are often composed of cylin- 
ders, either as components of truss-type towers or 
as single column towers. Two types of towers and 
tower elements in use are circular cylinders and 
12-slded cylinders. In the cases of turbines 
operating with rotors downwind of towers, there 
have been some undesirable results of the blades 
passing through the tower wake. These results 
Include unwanted noise, as well as fluctuating 
Toads on the blades resulting In transient torque 
and thrust loads. 

The wake produced by separation of the flow from 
a cylinder Is marked by velocity deficiency, i.e., 
decreased kinetic energy, and by unsteady beha- 
vior. The unsteady behavior has two components— 
"turbulence,” by Its nature random; and a regular 
periodic part, described by Roshko as "organized 
motion." These "organized" vortices shed from 
the cylinder are superimposed on the background 
of general turbulence (reference 1 and 2). 

There is uncertainty regarding just what it is 
about the nature of the wake which causes the 
noise and other effects mentioned above, i.e., is 
it the (1) periodic structure of the wake, (2) vel- 
ocity deficit, or (3) turbulence of the wake? 

To obtain a model of the wake, wind tunnel tests 
were conducted In the Walter Beech Memorial Wind 
Tunnel of Wichita State University. The tests 
were surveys of wakes downstream of circular cyl- 
inders and of 12-slded cylinders. 

MODELS 

Four models were tested. Two models were circular 
cylinders, 0.17 m (6.7 in.) diameter and 0.508 m 
(20 In.) diameter. There were also two 12-slded 
-cylinders; the smaller had a diameter of circum- 
scribed circle of 0.182 m (7.17 in.), and the 
larger haii a 0.508 m (20 in.) diameter circum- 
scribed circle. The smaller models were mounted 
horizontally across the 2.13 m x 3.05 m (7x10 ft) 
tunnel test section (Fig. 1), and the larger 
models were mounted vertically. 

The wake of the cylinders was surveyed at various 
stations downstream. Most published details re- 
garding cylinder wakes are for long distances 
downstream (e.g., Schlichting: velocity deficit 
at greater than 50 diameters down stream- -ref. 3; 
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see also ref. 4). Most downwind wind turbine 
blades will be operating in the range of 3 to 6 
diameters downstream of the centerline of the 
cylinder producing the wake. Surveys were con- 
ducted at stations in the range from 2 diameters 
to 9 diameters downstream of the cylinder center- 
lines. 

INSTRUMENTATION AND DATA PROCESSING 
Pressure Probe Survey 

Two types of instrumentation were used. Pressure 
measurements were made using a 5- tube probe 
(Fig. 2) to determine local velocity. Pressure 
data were processed on-line to determine local 
velocity magnitude and direction and all compo- 
nents. 

Hot- Film Anemometer 

The second phase of testing of each model was a 
survey of the wake using a hot-film anemometer. 
Figure 3 diagrams this data system. Linearized 
voltage signals from the hot-film anemometer were 
fed directly into the minicomputer; 6000 measure- 
ments were made at each station at a rate of 
400 Hz, for a total sampling time of 15 seconds. 
These data were processed in about 40 to 45 sec- 
onds per station. 


bins to determine the distribution of the sample. 
The number printed for each bin is a fraction of 
the total number of samples. 

Spectral Analysis 

The signal from the hot- film anemometer was also 
fed to an analog spectrum analyzer (Hewlett- 
Packard model 3580A). Results were recorded in 
the form of photos of an oscilloscope trace of 
the power spectral density (psd). Figure 4 shows 
a typical photo obtained during these tests. For 
signals for which significant periodicity is pre- 
sent, the frequency or frequencies at which peaks 
in the psd appear are tabulated, non-dimension- 
al i zed, and presented in the form of Strouhal 
numbers (S = fd/V^). 

CIRCULAR CYLINDER TESTS 

Testing 

The smaller (0.17 m dia.) cylinder was mounted 
horizontally as shown in Figure 1. The wake was 
surveyed at stations x = 300%, 450%, 600%, 750%, 
and 900% using the 5- tube pressure probe. Mea- 
surements were taken every half-inch from z - -10 
inches to z = +10 inches. Tunnel dynamic pressures 
ranged from 8.14 N/m^ to 3.11 kN/m^ providing 
Reynolds numbers from 174000 to 758000. 


Voltage rr^asurements were digitized, stored, and 
converted to velocity values. The velocity val- 
ues were processed to determine the sample mean 
and standard deviation (a). The standard devia- 
tion of a velocity sample is the turbulence in- 
tensity, when non-dimensional i zed by a reference 
velocity. Local turbulence intensity was calcu- 
lated, based on local mean velocity, and global 
turbulence intensity was calculated based on the 
remote freestream velocity. 

N 

Eu. 

Van = “='^^Fi~ [<n/s (fPs)] 


where N is total number 


Standard deviation = a = 


of samples. 


‘^rms 



"Global Turbulence Intensity" 


[tn/s (fps)] 
u‘ 

XT _ rms 
“ V 


Survey of the wake using the hot-film anemometer 
was performed completely at x = 300% and for a 
more limited number of z-positions at the other 
stations. Frequency of the periodic component of 
the wake was determined at all stations and for a 
conplete range of Reynolds numbers. 

Two sets of spiral strakes were attached to the 
17 cm circular cylinder and the wake was surveyed 
using the 5-tube probe at stations x - 300% and 
600%. The strakes were fabricated from sheet 
aluminum, were 1.6 cm high (approximately 10% of 
diameter), and made an angle of 30° with the 
cylinder centerline (Fig. 5). Initial testing 
was done with the strakes in the 90° position in 
the plane of the survey (x-z plane), as in Fig- 
ure 5. The cylinder was rotated 90° on its axis 
putting the strakes at the 0° and 180° position, 
in the plane of survey. 

The Targe (0.508 m dia.) circular cylinder was 
tested only briefly after all of the 12-sided 
cylinder tests had been completed. It was mounted 
vertically in the wind tunnel to provide as much 
clearance between the cylinder and side wall as 
possible. Only the hot-wire anemometer was used 
at X = 300%. 

Test Results 


"Local Turbulence Intensity" = TIL 


u ' 
rms 

u 


The results presented in Figures 6 and 7 are only 
sanple runs. Complete results are presented in 
References 5 and 6. 


Velocity distribution was determined using a 
method of bins. A series of seven bins are used 
for determination of the sample histogram. The 
central bins are of a width, centered about the 
mean, and the 1st and 7th bins are the "tails" 
for data respectively below and above the central 
bins. The entire sample is sorted into these 


Reversed flow, which results from separation of 
the boundary layer from a eircular cylinder, was 
not found to be present in the range of 3 to 9 
diameters downstream at any of the test Reynolds 
numbers (.17 x 10^ < Re <.76 x 10^). Apparently the 
reversed flow region is confined to the region be- 
tween the cylinder and the x= 300% station (Fig. 6). 
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Figure 7 more clearly shows the nature of the vel- 
ocity defect in the wake, u-j is plotted at five 

stations in the wake, where u-j - 1- (ux/V^). As 

expected, the velocity deficit profile is af- 
fected by the nature of the separation from the 
cylinder. Critical Reynolds number is approxi- 
mately 400,000. At less than critical Reynolds 
number, the laminar boundary layer separates at 
about the 90® position on the cylinder. At 
greater Reynolds numbers the boundary layer is 
turbulent and separates downstream of the 90° 
point resulting in a narrower wake which should 
be characterized by more turbulence but with a 
smaller velocity deficit at a given station be- 
cause of the more ef fecti ve mixing In the wake. 

Figure 8 summarizes these expected effects of 
Reynolds number on the velocity deficit profiles 
at X = 300% and 750%. Note that at Reynolds num- 
ber of 420,000, the wake is not symmetrical on 
the centerline. This lack of symR^try is appar- 
ently due to turbulent separation on one side and 
laminar separation on the other side of the cyl- 
inder. Apparently there was a small difference 
in the cylinder smoothness so that critical Rey- 
nolds number was slightly different for the two 
sides. Oil dot tests to visualize the separa- 
tion point appeared to confirm unsymmetrical sep- 
aration at about Re = 0.42x10^. 

The shape of the wake velocity defect was non- 
dimensional i zed by plotting ui/ui^^ vs. z/Zj^, 

where zr is the semi -width of the wake. The re- 
sulting profiles are compared in Figure 9 with the 
profile which Schlichting defines at a long dis- 
tance downstream (greater than 50 diameters— see 
ref. 3). Figure 9a is for the suhcritical wake 
(Re « .17x10®), and Figure 9b Is the profile at 
Re « .76x10®. The non-dimensional profiles are 
quite sensitive to the wake width which Is chosen. 
In both cases the profile approaches the "standard 
shape” as the wake progresses downstream. 

Growth of the wake is indicated in Figure 10. The 
locus of 50% uijjjg^x Position spreads at an included 
angle of about 3® (1.5® to centerline) for the 
subcritical wake. The supercritical wake (Fig. 10b) 
starts narrower and the 50% diverge 

at only about 2 degrees. 

Turbulence intensity is plotted at the x = 300% 
station for various cylinder Reynolds numbers in 
Figure 11. Highest levels of turbulence corre- 
spond to high subcritical Reynolds numbers. It Is 
also apparent that turbulence intensity has a 
double peak— corresponding to the mixing regions. 
Highest turbulence intensity corresponds to high- 
est (&u/3z) and lower values of turbulence are at 
(au/3z)->^0 (at the center of the velocity deficit 
profile and at the edges of the wake). 

Turbulence intensities are mapped In Figures 12a 
and 1.2b. 

As described above, a periodic structure is super- 
imposed on the general turbulence of the wake (or 
vice-versa). The frequency of this periodic 
structure is represented in Figure 13 by Strouhal 
number, where Strouhal number - S = (fD/Vcol. Tbe 
variation of Strouhal number with Reynolds number 


agrees very well with that reported by McGroskey 
(ref. 2), i.e., below critical Reynolds number, 

S ^ 0.2; above Re = 400,000, S increases to great- 
er than 0.4. 

In Reference 1, Roshko illustrates the tendency 
for vortices in a wake to combine, stretching the 
length of the periodic structure as it moves down- 
stream. This action should Ghange the frequency 
of the wake in a way which may be significant to 
the perceived noise of the wake. Figure 14 indi- 
cates some shift in the wake fTequ as the in- 
strumentation is moved downstream. 

When strakes were added, two important results 
were notieed. The reversed flow {deadwater) re- 
gion was increased in size extending beyond the 
300% station when the strakes were at ±90® (in 
plane of measurements--see Fig. 15a). Also, the 
periodic structure of the wake was weaker, or 
el se the general turbulence was stronger, so that 
any periodic motion was completely immersed in 
the random turbulence so that no dominant fre- 
quency could be measured. 

The fact that the reversed flow region extended 
beyond the 300% station downstream of the ±90® 
strakes (Fig. 15b) but did not reach 300% down- 
stream of strakes at 0® and 180®, Indicates that 
spiral strakes produce a fairly strong 3-dimen- 
sional motion to the wake. 

12-SIOED CYLINDER TESTS 

Testing 

The mounting and testing of the 12-sided cylin- 
ders was the same as that of the circular cylin- 
ders. The large [0.508 m (20 in.) dia. circum- 
scribed circle, 0.491 m (19.32 in.) dia. inscribed 
circle] cylinder was tested first. It was imme- 
diately obvious that the periodic component of 
the wake was quite strong. The buffeting wake 
forced the tunnel dynamic pressure to be limited 
to less than 1 kN/m^ to prevent structural damage 
to wind tunnel control room windows. Sifflilarly, 
the strength of the periodic component of the 
wake of the smaller [18.2 cm (7.17 in.) dia. 
circumscribed circle, 17.7 cm (6.95 in.) dia. 
inscribed circle] 12-s1ded cylinder was greater 
than for the similar sized circular cylinder. 

The dynamic pressure of those tests was limited 
to 2.15 kN/ffl^ because of model and test section 
wall vibration. Table I lists test ranges. 



TABLE I 

12-SIDED CYLINDER TESTS 

Dynamic 

Reynolds Number 

Pressure, q 

(Large 

(Small 

[N/m2 (psf)] 

Cylinder) 

Cyl Inder) 

71.8 ( 1.5) 

0.52 X 10S 

0.19x106 

143.6 ( 3.0) 

0.72 X 106 



87.3 ( 6.0) 

0.98x106 

0.36 X 106 

574.6 1 

[12.0) 

1.32x106 

0.49 X 106 

957.6 ( 

[20.0) 

1.59x106 

0.60x106 

1436.4 1 

[30.0) 


0.68 X 106 

2154.6 1 

[45.0) 

— 

0.77 X 106 
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The cylinders were tested In two positions with 
respect to freestream wind direction. With flat 
sides parallel to the freestream direction (I.e., 
a flat at the stagnation point) the position was 
defined as a=0°. Rotated 15°, with a point at 
the stagnation point, the position was defined as 
a - 15°. 

Following testing of the small 12-s1ded cylinder 
with sharp corners. It was modified to permit 
testing with rounded corners to simulate produc- 
tion utility poles. Two sizes of round corners 
were tested: small radius corners, r=8.4 rrnn, 

r/R=4.6%, and large radius corners, r=16.8 nin, 
r/R=9.2%. • 

Test Results 

The complete set of wake velocity diagrams and 
velocity-deficit diagrams are presented in Ref- 
erence 5; Figures 16 and 17 are representative of 
the results. The reversed flow region is up- 
stream of X = 200 % and considerable velocity re- 
covery occurs between the 200% and 300% stations. 
Wake growth Is shown In Figures 18 and 19. Ap- 
parent from these figures is a higher rate of 
spreading than in the case of a circular cylinder. 

Also, the nature of the wake and the rate of wake 
spreading is more affected by orientation of the 
cylinder than by Reynolds number. On a circular 
cylinder the nature of the boundary layer (lami- 
nar or turbulent, energy level, etc.) is a func- 
tion of the Reynolds number. Because of this 
dependency, the point of boundary layer separation 
Is a function of the Reynolds number; the point 
of separation is the primary factor affecting the 
wake geometry. 

In the case of the 12-s1ded cylinder (probably 
any cylinder having a polygon cross-section), 
the point of separation is fixed by the corner, 
not primarily by Reynolds number. The corner, 
which produces an adverse pressure gradient, 
will be the point of separation. Thus, the geo- 
metry of the wake is fixed by geometry, and is 
relatively Insensitive to Reynolds number. This 
hypothesis Is reinforced by the graph of the 
Strouhal number presented in Figure 20. The 
Strouhal number is not a function of Reynolds 
number; It is approximately constant for given 
orientation. Turbulence intensity of the 12- 
sided cylinder wake Is of the same order of 
magnitude as that of the wake of a circular 
cylinder. However, the strength of the periodic 
component of the wake motion is much greater for 
the 12-sided cylinder than for the circular 
cyl inder . 

Rounding the corners of the 12-sided cylinder 
produces two effects: (1) the strength of the 

periodic component of wake motion appears to be 
reduced (observed qualitatively, not measured), 

(2) some dependency on Reynolds number is pro- 
duced (see Fig. 21). 

SUMMARY OF RESULTS 

The results may be summarized: 

1. The wake downstream of a cylinder has three 
characteristics which may affect a wind turbine 


blade passing through the wake: 

a. A velocity deficit compared to the free- 
stream wind, 

b. Random turbulence of wide frequency range 
and moderate strength , 

c. Low frequency (less than 100 Hz) periodic 
vibrations. 

2. The velocity deficit profile for the near- 
field is different than the published far- 
field profiles (e.g., ref. 3). 

3. The turbulence associated with the mixing has 
highest values on both sides of the wake cen- 
terline, where (du’|/dz) values are highest. 

4. The magnitude of turbulence is about the same 
for 12-sided cylinders as for circular cylin- 
ders . 

5. The strength of the periodic component of the 
wake structure is greater for a 12-sided cyl- 
inder than for a circular cylinder. 

6. The separation point and geometry of the wake 
of a 12-sided cylinder is independent of 
Reynolds number (unlike a circular cylinder). 

7. Rounding the corners of the 12-s1ded cylinder 
causes some dependence on the Reynol ds number 
and reduces the strength of the periodic 
motion. 

8. Spiral strakes on a circular cylinder can 
eliminate the periodic motion of the wake— 
at the expense of increased velocity deficit 
and turbulence of the wake, 
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QUESTIONS AND ANSWERS 


M.H, Snyder 


Proms R. Spencer 

Qs What maximum wake deficit was found downstream of the circular cylinder? 

A: Maximum value of 1 - u^/u was 1 at the end of the reversed flow region. Bad we 

used a double -‘film anemometer we oould have made measurements in the reversed 
flow region (possibly as high as 2,2), The high dsfioienGy region smooths out 
rather quickly -‘-in most cases y by S cylinder diameters downstream, 

F rom : A . C . Hans en 

Q: Can you comment on the importance of free stream shear and turbulence to the 

periodic vortex shedding? 

A; NOy we made no measurements in sheared flow. All tests were in the wind tunnel 
which has a relatively^ low turbulence factor. 

Some years agOy some of my students worked on problems of pressure distribution 
on cylinders in sheared- flow fields (analytically and experimentally). There was 
significant dlteration of pressure distribution and streamline pattern. There- 
fore, I expect that shear will affect vortex shedding, I have not yet tried to 

apply these results to this problem. 

From: Anonymous 

Q: Was the low frequency periodic vibration measured on a circular cylinder related 

to the Strouhal vortex shedding frequency at that Reynolds number? 


A: les 


From: Anonymous 

Q: Did you vary the height of the strakes and what is the typical ratio of strake 

dimension to diameter? 

A: Bo, we only had time to test one set of strakes, 0,10 high, I plan to do further 

testing. 
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ACOUSTIC NOISE GENERATION BY THE DOE/NA$A MOD- 1 WIND TURBINE 


Nell D. Kelley 

Wind Energy Branch 
Solar Energy Research Institute 
Gol den , Colorado 80401 

ABSTRACT 

The results of a series of measurements taken over the past year of the acoustic emissions from the DOE/ 
NASA M0D~1 Wind Turbine has shown the maximum acoustic energy is concentrated in the low frequency range, 
often below 100 Hz. The temporal as well as the frequency characteristics of the turbine sounds have 
been shown to be important since the MOD-1 is capable of radiating both coherent and incoherent noise. 

The coherent sounds are usually impulsive and are manifested in an averaged frequency domain plot as 
large numbers of discrete energy bands extending from the blade passage frequency to beyond 50 Hz on 
occasion. It is these impulsive sounds which are identified as the principal source of the annoyance to 
a dozen families living within 3 km of the turbine. The source of the coherent noise appears to be the 
rapid, unsteady blade loads encountered as the blade passes through the wake of the tower structure. 
Annoying levels are occasionally reached a nearby homes due to the interaction of the low-frequency, high 
energy peaks in the acoustic impulses and the structural modes of the homes as well as by direct radiation 
outdoors. The peak levels of these impulses can be enhanced or subdued through complex propagation. 


INTRODUCTION 

Background 

During the fall of 1979, as the DOE/NASA HOD-1 
Wind Turbine was undergoing a series of engineer- 
ing shakedown tests, a number of sporadic and to- 
tally unexpected noise complaints were received 
from a few homeowners living within a 3 km radius 
of the installation atop Howard "Knob near Boone, 
North Carolina. These complaints came as a sur- 
prise since a series of earlier sound measurements 
taken at the 100 kW MOO-0 wind turbine near 
Sandusky, Ohio indicated acoustic emissions asso- 
ciated with the machine operation were indistin- 
guishable from the wind-dominated background at 
distances greater than 200 m (ref. 1). These ear- 
ly reports associated with the MOD-1 were very puz- 
zling since complaints were not received each time 
the turbine was operated and attempts to correlate 
the type and location of the complaints with ma- 
chine operating modes proved inconclusive. It was 
at this point the NASA Wind Energy Project Office 
and the SERI Wind Energy Branch entered into a co- 
operative effort to document and establish the 
source of the annoyance with the ultimate objective 
being the implementation of a suitable mitagation 
procedure as soon as practical. 

The Nature of the Complaints 

It should be pointed out, while the general char- 
acter of the complaints has not changed materially 
from the initial reports received, the total num- 
ber of families known to be affected has not in- 
creased above the dozen identified within the 
first few months, even though more than 1000 fami- 
lies live within the 3 km radius. Thus it is many 
of the same families being annoyed at various 
times, some more often than others. Figure 1 shows 
the location of the complainant homes with respect 
to the wind turbine and also indicates those loca- 
tions reporting a higher frequency of annoyance. 

Most homeowners describe the annoyance as consist- 
ing of periodic “thumping sounds and vibrations" 
similar to the sensation of having someone walk 


heavily across a porch or hearing a heavy truck 
passing with a flat tire. Some have reported the 
rattle of loose picture frames or small objects 
and most agree the noise level is greater inside 
their homes than out. Most complainants site the 
periodicity of the sounds and vibrations as being 
the most annoying aspect with the level becoming 
louder and more consistent during the evening and 
nighttime hours. 

The SERI Program 

In cooperation with NASA, the SERI Program has had 
as its objectives the identification of the physi- 
cal mechanisms responsible for the generation of 
the noise, its propagation to the homes below, the 
resulting subjective responses and development of 
suggestions for methods to mitagate the annoyance. 
These resulting mechanisms must adequately explain 
the following questions regarding the perceived 
characteristics of these sounds: 

1. Why is it the noise does not reach annoying 
levels each time the turbine is operated? 

2. Why are some families annoyed more often 
than others and why does the situation con- 
fine itself to such a tiny fraction of the 
overall population potential? 

3. Why does the noise appear more noti cable 
inside the homes and why does it become , 
more consistent and perhaps louder during 
the evening and nighttime hours? 

The purpose of the SERI effort goes beyond the 
specific noise situation associated with the MOD-1 
and the knowledge gained will be applied to pro- 
vide definitive noise evaluations and predictions 
for sound levels and annoyance potentials for a 
number of generic wind turbine designs. 
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THE PROCEDURE OF THE INVESTIGATION 


RESULTS 


As a result of the initial assessment of the sit- 
uation, It was recognized the problem has three 
major components; i.e,, the actual noise genera- 
tion process which was suspected to be aeroacous- 
tic in origin, the propagation of low-frequency 
sound in complex terrain, and the annoyance- 
generating mechanisms in the affected homes. Ef- 
forts were initiated with the MIT Department of 
Aeronautics and Astronautics for development of 
analytical techniques for assessing the physics 
of the sound generation and the Pennsylvania State 
University for investigating the propgation as- 
pects. The initial results of these activities 
are being reported separately (refs. 2 and 3). 

The need for a definitive set of physical measure- 
ments which documented the acoustics characteris- 
tics of the sounds, the atmospheric structure 
present and controlling the propagation, and the 
structural and ground motions of affected houses 
was recognized and considerable effort has been 
mounted towards this end. Further, the scope of 
these activities has extended beyond the MOD-i 
and additional measurements have been performed 
using the MOD-0 and a small wind turbine installed 
at the Rocky Flats Test Center near Golden, Colo- 
rado in order to obtain important supporting data. 

Measurements 

Two major field studies have been accomplished 
during the past year. The first (March 1980) ac- 
quired both near- and far-field acoustic and 
house structural motions data during an actual 
annoyance episode. In addition, two acoustic 
sounders and two tethered balloon systems were 
employed to gain information on the vertical 
structure of the atmosphere to assess the propa- 
gation of the turbine sounds. The locations of 
this equipment is shown in Figure 1. The second 
study investigated the acoustic emissions at both 
35 and 23 rpm under loaded conditions but only in 
the acoustic near-field (June 1980). 

Data Reduction and Analysis 

The supporting turbine operating data; i.e., blade 
pitch, rotor position, and nacelle yaw angles, 
generator output, and hub-height wind speed, were 
digitized and stratified into 2-3 minute records 
which exhibited relatively stationary statistics. 
The near- field acoustic data corresponding to 
these periods were analyzed by both frequency and 
time domain methods. The former was accomplished 
using a standard 800-line, narrowband FFT spectrum 
analyzer. Impulses found in the acoustic signal 
were analyzed with the spectrum analyzer in the 
time domain mode and under computer control to 
process sample estimates of various waveform cri- 
teria such as pulse risetime, riserate, total en- 
ergy content, and peak overpressure. The dual- 
channel, 400-line mode of the analyzer was used to 
study the dynamic Interactions between the pres- 
sure fields and the house structural motions. 


Turbine Acoustic Emissions 

Analysis of the near-field acoustic signals has 
shown the emissions can be composed of at least 
three types of acoustic energy which can exist in 
different proportions depending on the character- 
istics of the winds blowing by the turbine. Fig- 
ure 2 illustrates a sound pressure frequency spec- 
trum in which two of the three posible types of 
acoustic emissions are represented. This spectrum 
is composed of mostly broadband, incoherent rotor 
noise with a few discrete tones out to about 10 Hz 
and two distinct tones at 60 and 79 Hz whose source 
are the mechanical and electrical equipment of the 
turbine. The low frequency discrete tones are the 
reflection of unsteady loading on the blades as 
they move around the rotor disk and are brought 
about by such factors as wind shear and tower sha- 
dow induced velocity gradients (refs. 2 and 4). 
Figure 3 depicts the corresponding pressure-time 
plot of a portion of the period used to obtain the 
average of Figure 2. The period represented en- 
compasses two complete rotor revolutions and two 
passages by the tower for each blade. The wind 
speed at hub height was 9 m/s (20 mph) and rather 
steady in character. 

The existence of strong, highly coherent impulses 
imbedded in the normal, broadband rotor noise is 
illustrated in Figures 4 and 5. Figure 4 displays 
the pressure-time history plotted over two blade 
revolutions. Compare the sharpness and the higher 
peak overpressures of these pulses with Figure 3. 
Figure 5 plots the corresponding averaged, sound 
pressure spectrum for this period. Note the many, 
many discrete tones extending all the way out to 
100 Hzl The wind speed during this period was 
approximately 11 m/s (25 mph) and was more gusty 
than the wind characteristic for the period of 
Figures 2 and 3. Figures 6 and 7 increase the 
time resolution for these same pressure- time plots 
allowing a comparison of the waveforms in greater 
detail. The more gentle trace of Figures 3 and 6 
was made when the rotor was parallel to the SE 
flat of the support tower; that of Figures 4 and 7, 
as the blade passed slightly closer to the tower 
leg while perpendicular to the tower N-S diagonal. 
The blade came slightly closer to the tower leg 
( 5 leg diameters) while near the N-S axis as 
compared with the 7.5 diameters while parallel to 
the tower flat. 

Figure 8 illustrates a pressure-time history simi- 
lar to Figures 4 and 7 but this impulse was re- 
ceived outside of House #8 which is about 1 km to 
the ESE and about 300 m lower in elevation than the 
turbine. The home at this time was experiencing 
what was described by SERI personnel in the house 
as "very heavy thumping" and confirmed by the res- 
idents, two of which were present. The rotor was 
slightly oriented closer to the south leg of the 
tower but almost parallel to the SE flat as in 
Figures 2 and 3. The wind at the turbine site 
was 11-13 m/s (25-30 mph) and gusty. Notice this 
plot shows two major downward- traveling pulses. 

If one measures the time delay between them (81 
msec) and computes the linear distance correspond- 
ing to this delay for a tip speed of 111 m/s (35 
rpm) is 9.3 m (31 ft). The tower leg separation 
at this point is 9.5 m (31 ft). 
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From the preceedlng, whatever is producing these 
large excursions in the acoustic pressure field 
is taking place in the lee of the 0.5 m diameter 
tower legs and the source of the low-fir^quency 
"thumping" sounds reported by the residents* Co- 
herent pulses of this type are best evaluated us- 
ing energy techniques which involve analysis in 
both the time and frequency domains. The time do- 
main is used to establish waveform characteristics 
of the impulses; i.e., the rise time, riserate, 
total energy content, and peak overpressure. The 
frequency domain allows the determination of the 
frequency distribution of the impulse energy. Fig- 
ure 9 plots the energy distribution with frequency 
for the time history shown in Figure 8. 

A total of over 75 series of impulses have been 
processed using the SERI time domain program and 
the results correlated with turbine operating 
parameters. The results of this analysis can be 
summarized as follows: 

1. The peak overpressure and riserates are 
most highly correlated with windspeed, ro- 
tational speed (rpm), and the blade- to- 
tower leg distance. 

2. Little or no correlation could be found 
with generator output (machine loading) 
since peak overpressures could be found 
which were as high or higher unloaded. 

Figure 10 summarizes the variation of impulse 
peak overpressure as a function of wind speed. 

Note the tendency for two groupings of data points 
about 10 dB (re 20 pPa) apart. Many of the points 
representating data taken at 35 rpm lie near the 
upper curve and those at 23 rpm near the lower, 
but not all ! 

Propagation 

The Penn State work has concluded the following 
(ref. 3): 

1. Due to the extremely low atmospheric atten- 
uation for sound frequencies below 100 Hz, 
high levels of such noise generated by wind 
turbines which are "unacceptably" above lo- 
cal ambient may produce unacceptably high 
noise levels in the far field due to meteor- 
ologically dependent atmospheric refraction. 

2. The intensity, duration, and location of en- 
hanced (or subdued) far-field noise levels 
cannot be predicted without very high reso- 
lution meteorological data (wind speed and 
direction, vertical shear, and thermal para- 
meters) and therefore suppression of the 
noise source appears to be the only, long- 
term, viable solution. 

3. The conditions responsible for optimum power 
generation at the MOD-1 site are also the 
ones most likely to produce adverse noise 
propagation. 

4. Airborne propagation controlled by atmos- 
pheric refraction is the primary transmis- 
sion mechanism to the homes below and sur- 
face and ground propagation Is negligible. 


House Acoustics and Vibration 

In order to address the manifestat^^ both Tow- 
frequeney sounds and vibration, a detailed analyis 
of recorded aGoustie and vibration data t^ken at 
two of the residences during the March 1980 tests 
has been accomplished. These homes include a dqu- 
ble-wide, mobile structure (House #7 in figure 1) 
and a ta^io-story, frame building (House #8). These 
particular homes were chosen in view of the high 
frequency of annoyance reported by the families. 
Acoustic measurements using special* low-frequency 
microphones were taken simultaneously inside and 
closeby outside. Vibration data using seismic- 
range sensors included both vertical and horizon- 
tal floor and single-axis window accelerations. 

The measurements in each home were located in the 
room in which the residents had decided the noise 
was most noticeable. Both homes were equipped 
with storm wi ndows but the frame house was sub- 
stantially tighter. 

From the description of the complaints, it was 
suspected the "thumping" sounds heard inside the 
houses were being re-generated by the interaction 
of the acoustic impulses from the turbine and the 
physical structure of the house. It also has been 
suggested the sounds heard are largely the result 
of the direct radiation in the 20-50 Hz band. To 
establish the acoustic absorbtivity as a function 
of frequency the cross-correlation of the inside 
and outside sound pressure levels was established 
using the technique of coherent power (coherent 
power = coherence x autospectral density of indoor 
sound pressure signal , ref. 8). Figure 11 shows 
the major coupling through the walls and support 
structure of House #7 occurs in the 7-14 and 20- 
26 Hz bands with a narrow band at 62 Hz. In con- 
trast, House #8 exhibits the maximum direct coup- 
ling only in the lower 7-14 Hz band, as indicated 
in Figure 12. 

The structural resonances of the homes were det- 
ermined by either exciting the structure through 
a rapid door close or by recording background vib- 
ration levels for several hours. Tables 1 and 2 
summarize the major normal and cross-coupling 
resonances in the 0.2 to 100 Hz range. The con- 
firmation that most sounds were being re-generated 
by the structure under impulsive acoustic loads 
was accomplished by measureing the time delay be- 
tween the arrival of the peak Impulse at the out- 
side microphone and the initial onset of sound 
energy peaks in the 10-20 Hz, 31.5, 63, and 125 
Hz octave bands measured in the subject room. The 
physical separation between the outdoor microphone 
and the indoor was about 23 m with the outdoor 
closer to the wind turbine. This separation would 
account for approximately a 73 msec delay between 
microphones at this al titude and air temperature . 
The actual delay, which is illustrated in Figure 
13 for the 63 Hz octave vibration band, has been 
determined to be in the range of 120-125 msec or 
about 40% longer than would be expected from prop- 
agation in air alone. Thus much of the acoustic 
energy impacting the house and not being initially 
reflected is being stored in the structure as 
stresses, a portion of which is subsequently re- 
radiated as sound at frequencies where the modal 
damping is smal 1 . The coherent power plots of Fig- 
ures 11 and 12 indicate the transmission of sound 
energy into the house is dispersive due to the 
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frequency dependency of the transmission and not 
simply pure delay. The peak re-radiated sound 
pressure level has been found at 65 Hz for House 
#8 which corresponds to a very lightly damped 
mode as is shown in Table 2. The maximum instant- 
aneous vibration levels have been found to be in 
the 8-20 Hz band corresponding to the two lowest 
frequency modes in Table 2. 

Whether or not the structural modes listed in 
Tables 1 and 2 will be excited under impulsive, 
acoustic loads depends on the frequency distribu- 
tion of the impulse energy impacting the structure. 
Figure 9 depicts the actual energy distribution of 
a single impulse recorded during a period which 
was described to be highly annoying, a time when 
the turbine was operating at 35 rpm. It should be 
noted the major spectral peaks of Figure 9 reside 
at 10.8 and 25.1 Hz both of which correspond to the 
broad 8-12 and 26 Hz modes in Table 2. Thus, the 
positioning of these spectral peaks and their 
respective amplitudes are very important in deter- 
mining what modes may be excited and contribute 
to the coherent generation of both sound and vib- 
ration levels. Using pulse analysis techniques 
and a typical, average sound pressure frequency 
distributions for 35 and 23 rpm spectra, a list 
of the preferred spectral peak frequencies has 
been determined and is listed in Table 3. It is 
interesting to note that many of the structural 
resonances found in Homes #7 and #8 agree quite 
closely with four frame test houses used as part 
of sonic boom and aircraft fly-over noise investi- 
gations (ref. 7). 

DISCUSSION AND CONCLUSIONS 

The lowering of the turbine rotational speed from 
35 to 23 rpm, as is indicated in Table 3, primar- 
ily results in a shifting of the preferred spect- 
ral peaks to lower frequencies. From pulse anal- 
consi derations, the relative distribution of ener- 
gy or the positioning of spectral peaks of such 
energy is controlled by the pulse width or dura- 
tion. The repetition frequency, or blade-passage 
frequency in this case (which is determined by 
the rotational speed) has very little effect. A 
typical pulse width for a series of short impulses 
at 35 rpm typically lasts about 100 msec and in- 
creases to 123 msec at 23 rpm. The relative 
distribution of energies or peak amplitudes is 
determined by the combination of peak value or 
overpressure and the risetime; i.e., riserate. 

Thus the downward shift in frequency and the re- 
duction in peak energies in some of the higher 
frequency modes is due to: 

1. the increased residence time of the blade 
in the tower leg wake which Increases the 
pulse duration, and 

2. the reduction in the peak overpressure is 
due to a smaller aerodynamic loading of the 
blade as a result of the slower rotational 
speed and decreased static lift and there- 
fore smaller maximum values to interrupt 

by a still undefined unsteady aerodynamic 
process. 


The magnitude of the riserate, when viewed in 
terms of unsteady aerodynamics, reflects the 
change in lift above static values due to rapid, 
local attack angle fluctuations (refs. 5 and 6). 
Thus the pressure-time history of the acoustic 
signals may be thought to indicate the character- 
istics of the rapid changes in blade loads (and 
therefore in acoustic radiation) as the blade cuts 
through intense horizontal velocity gradients in 
the wake of the tower legs. The existence of such 
intense gradients has been verified by hot-wire 
anemometer measurements in a tower wake of similar 
dimensions belonging to a small wind turbine which 
is also capable of producing impulsive sounds un- 
der certain turbulent inflow conditions not yet 
fully understood. 

The plot of peak overpressures against windspeed 
in Figure 10 suggests that some form of a bimodal 
process or forcing is taking place since it is 
possible for an Impulse at a given rotational 
speed and wind velocity to assume either a higher 
or lower level separated by about 10 dB. Thus 
impulses which may not be causing any annoyance 
at one point in time may suddenly change levels at 
the same windspeed and begin to bother some homes. 
This has been observed to occur during the measure- 
ments of March 31, 1980. This would indicate 
stronger, transient velocity gradients are occas- 
Sionally superimposed on the much weaker, mean 
velocity deficit flow field. Work by Sato and 
Kuriki (ref. 9) on the wake transition of a thin, 
flat plate in parallel uniform flow has shown the 
existence of three distinct subregions for trans- 
ition regime flow. They found the intensity of 
the velocity fluctuations in a wake could be ampl- 
fied exponentially when artificial excitation 
at predominant shedding frequencies was intro- 
duced in what they describe as the linear and non- 
linear transitional subregions. If true for a 
cylinder, this excitation could be a predominance 
of turbulent eddies in the inflow whose dimensions 
correspond to a frequency near the Strouhbl shed- 
ding frequency of the tower legs. This possibility 
has not been able to be confirmed with the MOD-1 
due to the upper frequency response limitations of 
the wind sensing equipment, but visual evidence in 
comparing the impulse and turbulence characteris- 
tics does indicate some connection. Since the 
small wind machine at Rocky Flats exhibits some of 
the same characteristics, hot-film measurements of 
the inflow and wake regions will be undertaken in 
the near future to examine this hypothesis. 

From the above discussion and the observations of 
Figure 9, the impulses being generated in the 
tower leg wake must be the result of time-depend- 
dent velocity gradients and not just a pure defi- 
cit since by definition such a deficit should be 
only a function of the upstream velocity. The MIT 
calculations have shown impulse-type sound pres- 
sure fluctuations can be predicted by using a mean 
wake as determined from wind tunnel tests, but the 
model fails to reproduce the important rapid rise- 
rates observed. What is important, however, is 
the model confirms impulses can be produced by the 
tower wakes (ref. 2) but a more realistic velocity 
distribution is necessary to reproduce the actual 
observations. 
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In summary, the following conclusions are drawn 
from the analysis of the collected acoustic and 
structural data: 

1. The primary source of annoyance of nearby 
residents are the short bursts of acoustic 
energy associated with impulses being gen- 
erated by a yet-to-be-defined unsteady aero- 
dynamic process. This process involves the 
turbine blade interaction with a transient 
level of wake instability and resulting 
intensity of velocity fluctuations and hor- 
izontal gradients in the wakes of the legs. 

2. The impulses are propagated entirely 
through an airborne path and subjected 

to atmospheric refraction effects which can 
enhance ( or suppress) the level over nor- 
mal, geometric spreading due to strong 
vertical and horizontal gradients of wind 
velocity and atmospheric thermal parameters. 


3. The primary annoyance mechanism in the 
houses affected is the coupling of low-fre- 
quency impulse energy to lightly damped 
structural modes and the resulting vibration 
and re-gene rated acoustic emissions at the 
excited modal frequencies. From all appear- 
ances, the annoyance generated in House #8 
is composed of a coherent excitation of 
low-frequency vibration at the 8-10, 14, 
and 26 Hz frequencies simultaneously with 
audible acoustic radiation at 60 and 65 Hz. 

4. The potential for annoyance appears to be 
greater for House #7 due to the poorer 
acoustic absorption or increased transmis- 
sivity and the number of lightly damped 
structural modes. 

5. From the evidence compiled to date, the 
only sure way to stop the annoyance under 
all conditions is to prevent any impulses 
generated from reaching annoying levels. 

This would mean reducing the tower v/ake 
velocity gradients to a point where the 
result would be similar to the spectral 
pres sure- time plots of Figures 2 and 3. 

From the evidence at hand, it is necessary to 
destroy the organized, two-dimensional 
vortex flows thought to be developing in 

the lee of the tower legs by some form of 
aerodynamic spoiling device. 

ACKNOWLEDGEMENTS 

The cooperation and assistance of the NASA Wind 
Energy Project Office, the General Electric Com- 
pany, and the Blue Ridge Electric Membership Corp- 
oration is gratefully acknowledged. Special thanks 
are given to the residents of Boone, North Caro- 
lina and specifically the residents near the MOD-1 
who aided us in this investigation. The efforts of 
the SERI staff: Ed McKenna, Carol Etter, Dick 

Garrelts, Stan Thues, Chris Linn, Bob McConnell, 
and Jane Ullman contributed significantly. Ben 
Bell is acknov/1 edged for his development of the 
time domain analysis program. The work was sup- 
ported by the DOE Wind Energy Systems Division. 


1. Balombin, J.R.: An Exploratory Survey of 
Noise Levels Associated with a 100 kW Wind 
Turbine. NASA TM-81486, Lewis Research Center, 
Cleveland, OH. 1980. 

2. Martinez, R., S.E. Wldnall, and W.L. Harris: 
Predictions of Low-Frequency Sound from the 
MOD-1 Wind Turbine. FDRL Report No. 80-5, 
Massachusetts Institute of Technology. 1980, 
77p. 

5. Thomson, D.W.: Analytical Studies and Field 
Measurements of Infrasound Propagation at 
Howard's Knob, NC. Department of Meteorology, 
The Pennsylvania State University. 1980, 

36p. 

4. Homicz, G.F., and A.R. George; Broadband and 
Discrete Frequency Radiation from Subsonic 
Rotors. Journal of Sound and Vibration, Vol. 
36 (2), 1974, pp 151-177. 

5. Wright, 5.E.: Discrete Radiation from Rota- 

ting Periodic Sources. Journal of Sound and 
Vibration , Vol. 17(4), 1971, pp. 437-498. 

6. Ericsson, L.E. and J.P. Reding: Unsteady Air- 
foil Stall Review and Extension. Proceedings 
of AIAA 8th Aerospace Sciences Meeting . AIAA 
Paper No. 70-77, New York, NY, 1970, lOp. 

7. Carden, H.D. and W.H. Mayes: Measured Vibra- 

tion Response Characteristics of Four Resi- 
dential Structures Excited by Mechanical and 
Acoustical Loadings. NASA TN D-5776. 

Langley Research Center, Hampton, VA. 1970, 
59p. 

8. Bendat, J.S. and A.G. Piersol: Engi neeri ng 
Applications of Correlation and Spectral 
Analysis . Wiley^ (New York), 1980, p. 68. 

9. Sato, H. and K. Kuriki: The Mechanism of 

Transition in the Wake of a Thin Flat Plate 
Placed Parallel to a Uniform Flow. Journal 
of Fluid Mechanics , Vol. 11, 1961, p. 351. 


379 



TABLE 1 


MAJOR NORMAL AND COUPLED STRUCTURAL MODES OF HOUSE #7 


frequency 

Floor Modal Damping 

Characteristics 

Window 


(Hz) 

Vert 

Horiz 

Cross 

Mode Damping 

Cross® 

* 

8.6 


M 

fF 

M 

M 

20 

M 

L 

s 

L 

s+ 

30 

L 

VL 

s+ 

M 

S+ 

59 

L 

M 

M 

L 

M 

79 

L 

M 

M 

L 

M 

89 

VL 

M 

S 

L 

S 

96 

VL 

M 

M 

M 

M 


Frequency 

(Hz) 

table 2 

MAJOR NORMAL AND COUPLED STRUCTURAL MODES OF HOUSE #8 

Floor Modal Damping Characteristics Window 

Vert Horiz Cross Mode Damping 

Cross 

8.9* 

L 

L 

S 

VL 

S+ 

14 

L 

L 

S 



21 

M 

L 

S 



26 

L 

L 

S 



32 




L 

W 

50 

VL 

VL 

s+ 

L 

M 

60 

VL 

VL 

s+ 

L 

S+ 

65 

L 

VL 

s+ 




•k 

estimated to be house fundemental resonant frequency 
®Cross coupling with floor vibrations 

^Damping: VL - very light. L = light, M = moderate 
^Degree of cross -coupling: W * weak, M = moderate, S = strong 


TABLE 3 

PREFERRED SPECTRAL PEAKS FOR TYPICAL IMPULSES 
35 RPM 


. Frequency 
(Hz) 

6.25 

16.25 

26.25 
45.0 
62.5 

81.3 

97.3 


Relative Level 
(dB) 


0 


-23 

-39 

-47 

-51 

-55 


23 RPM 


4.4 

0 

10.6 

-9 

17.5 

-15 

25.6 

-29 

30.6 

-38 

38.8 

-44 

51.9 

-47 

65.0 

-55 
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Figure 1 . Map showing area surrounding MOO-1, complainant homes, 
and location of atmospheric measuring equipment for 
March 1980 test series. 



Figure 2. Sound pressure spectrum of MOD-1 acoustic emission 
with no impulse present. 
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Sound Pressure Level (dB) Sound Pressure Level (dB) 




Figure 4 . Pressure-time history of strong impulses. Two 
complete rotor revolutions. 
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Figure 5 . Sound pressure spectrum of MOD-1 acoustic containing 
strong impulses of Figure 4. 



Figure 6 . Detail of pressure- time history of Figure 3 for a single 
blade passage by the tower. 
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Figure 8 , Far- field pressure- time history of strong impulse received 
at House #8 on March 31 , 1980. 


384 










Coherent Power (dB) 


60 


5oH 


OUTDOOR-INDGOR 
ACOUSTIC COUPLING MODES 


Frequency (Hz) 

Figure 11 . Plot of direct acoustic coupling to the interior of 
House #7. 




Figure 12 . Plot of direct acoustic coupling to the 
interior of House #8. 



Figure 13 . Example of time delay in forced vibration (and acoustic 
emissions) due to impulsive acoustic loading of House #8. 





QUESTIONS AND ANSWERS 


N.D. Kelley 


From : Anonymo us 

Q: Were you able to correlate some of your data scatter to any gust intensity measure- 

ments? 

A: Only qualitatively , \Je have made some attempts at this with mixed results. We 

suspect the answer lies in turbulent eddies whose dimensions are close to the 
equivalent Strouhal shedding frequencies of the tower legs. The available wind 
data does not reach these frequencies . 

From: W.K. Wentz 

Q: What is the future of large downwind rotors? 

A: I believe the downwind rotor is still viable if the tower wakes can be smoothed 

sufficiently to preclude the generation of large amounts of noise j particularly 
impulse noise. 

From: F,W. Perkins 

Q: Is the time delay between excitation and response of a house related to house 

dimensions? 

A: I do not know. I refer the questioner to the work by Carden and Hayes at NASA 

Langley on aircraft sonic boom and fly-over noise. 

From : P . M . Abbot 

Q: At 23 rpm, 10 mph, the SPC was over 100 lbs and higher than for 35 rpm. Is reduc- 

tion to 23 rpm a solution to the problem? 

A: NOy not entirely ^ only control of the tower leg wake appears to offer a complete 

solution. 

From: G.P. Tennyson 

Q: Has there been found any similarity to the Smith Putnam noise experience? 

A: I am not aware of any such information. I have heard local residents who were 

living there at the time say that it was not noisy. 

From: P.M. Moretti 

Q: Is there a correlation of the noise to the exact wind direction? 

A: yesy we believe this is due to the propagationy machine orientation, and terrain. 
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GE MOD-1 NOISE STUDY 


R. J. Wells 

General Electric Company 
Corporate Research and Development 
Schenectady, New York 12301 


ABSTRACT 

Noise studies of the MOD-1 Wind Turbine Gen- 
erator are summarized, and a simple mathemat- 
ical model is presented which is adequate to 
correlate the sound levels found near the 
machine* 

A simple acoustic measure is suggested for use 
in evaluating far field sound levels. Use of this 
measure as input to a currently available sound 
complaint prediction program is discussed. 

Results of a recent statistical survey relative 
to the far field variation of this acoustic mea- 
sure because of atmospheric effects are des- 
cribed. 

INTRODUCTION 

For more than a year, the General Electric 
Company has been actively studying the prob- 
lem of adverse community reaction to the 
noise of the MOD-1 Wind Turbine Generator at 
Boone, North Carolina. Sound measurements 
were made near the machine itself and at some 
of the residential locations from which com- 
plaints originated. 

Early data were confusing from the standpoint 
of variability - especially in the far field. Much 
of this variability was recognized to be due to 
atmospherical focusing of the sound waves 
because of wind and temperature gradients, etc. 
However, the noise also varied widely with dif- 
ferent modes of wind turbine operation, and an 
early need was felt for a simple mathematical 
model which could be employed to correlate the 
data. 

The question of selecting a suitable simple acous- 
tic measure with which to correlate complaints 
was also of concern. Wind turbine noise is 
characteristically different from that of any 
other machine. All of the noise of interest is 
confined to low frequencies. In fact, the highest 
peaks in a noise spectrum are typically below 
10 Hz; and during the early stages, the problem 
was often considered to be purely infrasonic in 
nature. Because of the frequency range invol- 
ved, commonly used acoustic measures such as 
dB(A), and perceived noise level (PNL), were 
recognized to be inapplicable. 


The general statistical variation of sound pro- 
pagation through the atmosphere was also rec- 
ognized as important, 

A SIMPLE MATHEMATICAL MODEL 

Dimensional Arguments 

Wind turbine noise appears to be largely due to 
blades cutting the turbulent wakes introduced by 
the tower structure. This should produce a di- 
pole source of noise. Morse and Ingard (ref. l) 
have shown that for such sound sources the 
acoustic power can be approximately expressed 
in the form 

■ "I'x'o 

where f represents the strength of the dipole and 
f^ is the acoustic frequency. (The quantity, K^, 
contains other dimensional parameters to be 
taken as constant for these considerations. ) 

Now f must be the fluctuating force induced on 
the blade and can be r oughly approximated by 
one- half the difference between the force acting 
on the blades outside the wake, and the force 
acting within the wake. Aerodynamic reasoning 
of this nature leads to the expression 

f = K cD V V (2) 

X 2 t w 

where c is blade chord (75% span), D is blade 
diameter, v^ is tip speed, and v is wind velo- 
city, (Again contains other <3imensional 
parameters which are neglected for simplicity.) 

Also 


for a given order of blade harmonic, and sub- 
stitution of (2) and (3) into (1) yields 

'^A ■ ’'.‘-w «' 

applicable to each harmonic and hence to the 
total rotation^i noise. 
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Hence, the square of the on-axis sound pressure 
at a given distance, R, may be expressed as 

2 ^ 2 4 2 _-2 ... 

p = Kc v^ V R (5) 

^ t w 


from (3)^ Since 


v^ ^ N»D 


( 12 ) 


Principles of Scaling 


Note that (5) is consistent with the generally 
accepted concept of scaling as applied to similar 
fans, etc. - under the assumption of constant 
tip Mach number, or constant Thus, if we 
have two machines of similar design, we may 
write 


2 

Pi 

2 

P2 


„ 2 4 2 

K c -V, V 
1 t^ w 


^24 2 

K c. V V 
2 tg w 



( 6 ) 


and assuming 



(7) 


where N = RPM, (11) may also be expressed as 

= fs(f)df = Kc^n‘*d‘^v^ R’^ (13) 

J w 

Now, we may introduce a nondimensional varia- 
ble, X, a form of Strouhal number, defined by 



and it may be shown that (13) can be put into the 
form; 


/< 


R^s(f) 

2ivT3t.4 2 

c N D V 

w 


) dX = K 


(15) 


This yields a normalization concept which may 
be employed to correlate wind turbine sound 
data. Such a procedure may be carried out in 
decibel notation. 


and geometrical scaling - with a ratio s - so that 

Cg = s.Gj ; Rg = S.R^ (8) 

we find 



For example, if the second machine has twice the 
diameter and twice the blade chord of the first 
machine (and is rotating at half the rpm to pre- 
serve tip Mach number), one would expect to find 
the same overall sound pressure if measured at 
the same distance in terms of blade diameters . 
The spectral components would all be shifted 
downwards infrequency by a factor of 2, how- 
ever, in accordance with (3). 

A Generalized Curve 

For a given machine, it should be possible to 
correlate on-axis sound pressure spectra obtain- 
ed under different conditions of operation in a 
manner similar to that which has been employed 
for fan noise (ref. 2, 3), Thus, the sound spec- 
tral density may be considered as 

s(f) = (10) 

and this quantity may be determined experiment- 
ally as a function of frequency. It then follows 
that 

p^ = rs(f)df - Kc^v^v^ R ^ (11) 

J t w 


Assuming sound levels are measured in one- 
third octave bands, they may be converted to 
sound spectrum levels (generally analogous to 
s(f) above) by subtracting 10 log (Af) from each 
hand level. Here Af represents the effective 
bandwidth of the individual one -third octave 
bands. Then, the spectrum levels are normal- 
ized by subtracting the quantity 

20 log^Q(c) + 30 log^^(N) t- 40 log^^(D) 

+ 20 log^Q(v^) r 20 log^Q(R) (16) 

from each value. Finally, plotting these nor- 
malized values vs. log. ^(f/N) would be expected 
to yield some degree of data collapse. Figure 1 
shows an average regression line fit of this 
nature to a large group of different MOD-1 sound 
spectra (ref. 4), (In this calculation, conven- 
tional dimensions of inches, rpm, feet, mph, 
and feet were employed for c, N, D, v and R 
respectively, as consistency of units was not 
of concern. ) The standard deviation of this data 
fit was about 1. 6 dB, and it was possible to 
reduce this value to about 1. 5 dB by including 
regression against parameters of secondary 
effect - such as pitch angle and load. 

Actually, in the data analysis described above 
the sound levels were not measured on the wind 
turbine axis, but rather at a wide variety of 
angles and corrected to on-axis by means of the 
approximate directivity pattern shown in Figure 2 
and based on previously published information 
(refs. 5-7), Figure 2 also agrees in general 
with recent calculations using the NASA LeRC 
Wind Turbine Sound Prediction Code. 
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Figure 1: Generalized Wind Turbine Noise 
Curve 



Figure 2: Estimated Directivity Index Pattern 
of Wind Turbine Noise 

It should be noted that the plot of Figure 1 can- 
not be expected to apply to all possible wind 
turbine designs. However, it should apply to 
similar designs - where all dimensions are 
varied by the same factor suid tip Mach num- 
ber held to reasonable limits. Inherently, 
direct application of Figure 1 also assumes 
similarity in tower design, in minimum clear- 


ances between blades and tower, and downwind 
machine operation with but two blades^ It is 
believed, however, that changing such basic 
design parameters would not invalidate the 
general concept, but rather simply result in a 
generalized curve different from that of Figure 1. 

The data of Figure 1 included many cases of 
both 35 RPM operation and 23 RPM operation, 
both with and without a resistive load bank. 

The data collapse was sufficient to allow the 
simple curve to fit both 35 and 23 RPM sets 
about equally well. These tests also predicted 
about a 10 dB reduction in noise (except at very 
low frequencies) when the original 1800 RPM 
generator was replaced with a 1200 RPM unit. 
Recent tests with the new generator have con- 
firmed this prediction. 

COMMUNITY REACTION TO THE NOISE 

A Suitable Noise Measure 

During studies carried out about a year ago, 
both sound and vibration levels were examined 
at one of the residences about 1 kilometer from 
the MOD-1 site (ref. 8). Although it was found 
that both sound and vibration spectra did show 
predominant peaks at frequencies of the order 
of 5-10 Hz, neither were at levels sufficiently 
high to be considered objectionable based on 
current literature of this subject (refs. 9-12). 

However, at somewhat higher frequencies, 
notably of the order of 20-70 Hz, sound levels 
were occasionally found which were high enough 
to be of more concern. In particular, it was 
noticed that - for 35 RPM at least - the condi- 
tion often referred to as "thump** seemed to be 
characterized by a spectral peak in the 20-30 
Hz range (ref. 8). Quantitatively, it was also 
noted that when thump was said to exist, the 
outdoor sound level in the 25 Hz one -third 
octave band was typically of the order of 65 dB 
or more. 

Figure 3 shows typical wind turbine noise out- 
side of this residence (based partially on the 
generalized curve concept) versus a typical am- 
bient spectrum and an approximate threshold of 
audibility (refs. 11, 12). In many instances, 
there has been a rather narrow frequency range 
where the sound levels were above both the am- 
bient levels and the threshold of audibility. Yet 
complaints have arisen, and general experience 
confirms, that some reaction to noise will 
usually occur if an intrusive sound is audible and 
appreciably above the normal ambient* (Studies 
relative to the actual amount of this excess 
above ambient were conducted at General Elec- 
tric some years ago (ref. 13). ) 
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THIRD OCTAVE BAND CENTER 
FREQUENCY, Hz 


Figure 3: Wind Turbine Noise vs. Ambient 
and Threshold of Hearing 

In Figure 3, the frequency range from 20 to 50 
Hz has been labeled the '’criterion range”. This 
range was chosen for several reasons; 

• It includes at least the lower frequency 
portion of the range where sound levels 
are likely to exceed both ambient and 
threshold levels . 

« Experience shows that the presence of 
sound an octave or so above this range 
correlates well with the presence of sound 
in this range, though instantaneous varia- 
tions may be greater at the higher fre- 
quencies. 

• Levels at 60 Hz should be excluded from 
such a criterion because of possible elec- 
trical noise interference. 

• Historically (in gas turbine noise studies, 
for example) the range from 20 to 40 Hz 
has been a "problem range", both with 
regard to audible sound and acoustically 
induced house vibration. 

With regard to the latter point above, it might 
be added that a 31, 5 Hz octave band level 
approaching 70 dB would usually give rise to 
noise complaints, while a level above 75 dB in 
this band almost always did. 

It is well known that the human ear may be con- 
sidered as analogous to a sound analyzer with 
an effective bandwidth which increases as fre- 
quency is reduced. In the frequency range under 
consideration, the typical ear has a bandwidth 
several octaves wide - and any spectral com- 
ponents below 20 Hz are not likely to be even 


audible. For these reasons, the character, or 
shape of the noise spectrum at these low fre- 
quencies cannot be critical. 

Consideration of all of the above has led to the 
conclusion that the total sound level within the 
range from 20 to 50 Hz is a suitable measure of 
wind turbine sound for our purposes, A simpli- 
fied measure, more suitable for most commer- 
cial sound measuring equipment, and yet still 
adequate for the purpose, is provided by the 
31. 5 Hz octave band level. This was recently 
employed in tests described later. 

Noise Complaint Prediction 

About ten years ago, a computer program was 
devised at the General Electric Company for 
the purpose of estimating the numerical prob- 
ability of complaints due to excessive noise. 

As an example, this program has been widely 
used for gas turbine power plant installations as 
a means of defining the necessary acoustic treat- 
ment for exhaust stacks. With but minor modi- 
fications, the program may be extended to the 
wind turbine generator. 

The basic input to the program is the measure 
of wind turbine noise just described, viz the 
total sound pressure level in the frequency range 
from 20 to 50 Hz - or alternatively, in the 
31,5 Hz octave band. 

In general, the computer program employs a 
cumulative normal distribution function as repre- 
sentative of expected complaints from a specific 
community of homes. The ordinate of the curve 
is percent probability of a serious complaint. 

The abcissa of the curve is related to the dif- 
ference between noise level and normal ambient 
level. Different curves of the same family are 
used for different numbers of homes in the com- 
munity, and the concept may be modified to 
include structures other than homes. 

The time period during which operation takes 
place also has an effect on reaction to the noise. 
The computer program includes this factor by 
the introduction of a time period category as 
specified below. 

Period Category 

Weekdays: 

7 a. m. - 6p. m, G 

6 p. m. - 10 p. m. B 

10 p. m. - 7 a.m. A 

Saturdays and Sundays; 

7 a, m. - 10 p, m, B 

10 p, m, - 7 a. m. A 


392 




One merely estimates the number of operation 
hours per week in each category and enters such 
data as Aj, B, C in the program. (For A and B 
categories, one hour is considered as the min- 
imum time for any period of operation. ) The 
computer program basically makes an effective 
correction, T, to the actual sound levels as 
defined below: 


21 25 


T is an additive quantity, in decibels, normal- 
ized to three hours per day of category A for 
T = 0. Other time periods are considered in 
similar fashion with 2. 5 dB more tolerance 
assumed for category B, and 5 dB more for 
category C. These latter values are derived 
from many noise complaint case histories in 
several departments of General Electric and 
elsewhere. 


In addition, the general class of homes, and 
other details of the environment affect the pre- 
diction. In essence, the computer program 
also makes a correction of 5 dB multiplied by 
the code numbers listed below: 


District Code 

Very expensive homes -1 

Middle class homes 0 

Low cost housing 1 

Substandard housing 2 

Schools and hospitals - 1 

Motels, hotels, stores 1 

Light and medium industry 1 

Heavy industrial area 2 


Twenty homes were assumed - as typical of the 
Boone situation, the district code number being 
taken as 0. For one set of computations, typi- 
cal operation was assumed to be for 40 hours 
per week with two-thirds of this between 10 p. m. 
and 7 a. m. , the remaining one -third being week- 
days during the day; for the second set the 
assumed hours of operation were increased to 
60 - with the same percentages relative to time 
period. For all cases, a typical ambient of 
59 dB in the 31. 5 Hz octave was assumed. Three 
values for wind turbine noise in this band were 
used; 69 dB as typical of 35 RPM operation 
during times ’*thump” was reported, 60 dB as 
typical of 23 RPM operation with comparable 
atmospheric sound propagation, and 65 dB as 
an intermediate value. The computed probabil- 
ities of complaint were as tabulated below: 


Assumed Level in 

Assumed Time 

31, 5 Octave Band - 

Category 

Values 

Due to WTG Noise 

A = 26.7 

A = 40 

Alone (Ambient 

B = 0 

B = 0 

= 59 dB) 

C = 13. 3 

C = 20 

69 

60. 1 

78. 9 

60 

4.7 

11.8 

65 

22.6 

40. 9 


The predicted 60.1% seems to correlate well 
with case histories at Boone. The 4. 7% figure 
suggests that complaints would have been min- 
imal if operation had been confined to 23 RPM. 
Of course, now that people have been sensitized 
to this noise, it is not unlikely that some may 
continue to complain for 23 RPM operation. 

A Statistical Noise Study 


In summary, for each area of concern the fol- 
lowing items must be specified; 

# Wind turbine generator sound pressure 
levels in area by one -third octave bands 
from 20 Hz through 50 Hz, or alterna- 
tively in the 31. 5 Hz octave band. 

# Normal ambient noise (wind turbine gen- 
erator not running) in above frequency 
range. 

# Number of building units (homes) in area. 
For apartments or other building com- 
plexes, each individual apartment, store, 
etc. , to be considered as a building unit. 

® District code number. 

m Operation hours per week by category. 

Calculations were made with this program for 
several cases relevant to the MOD-1 operation. 


During January 1981, a brief statistical study 
was carried out at the MOD-1 site. Although 
magnetic tape sound recordings were made, 
primary evaluation has been confined to acous- 
tic levels in the 31-5 Hz octave band. For this 
purpose, a General Radio Model 1945 Commun- 
ity Noise Analyzer was employed. This instru- 
ment automatically computed exceedance levels 
- such as LI, LIO, L50, L90 and L99 - for 
s ound in t his f reque ncy range . (L 1 0 , f o r exam - 
pie, is defined as the sound level which was 
exceeded 10% of the time for the duration of a 
specific short test period, ) 

Short test periods of one-half hour duration were 
used, and statistical determinations were made 
in the near field, about 270 feet from the machine, 
and at selected locations near areas of complaint. 
For the entire study period of about two weeks* 
duration, the wind turbine was confined to nor- 
mal on-line 23 RPM operation whenever weather 
permitted; and primary data analysis has been 
confined to periods when the wind turbine was 
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on-line for a full thirty minute short period. 
Individual statistical curves were then com- 
bined (in a proper statistical fashion) in spec- 
ific groups of interest. 

The top curve of Figure 4 shows the result of 
such a procedure for fifteen cases of on-line 
operation with the wind predominantly from 
the west - blowing almost directly toward one 
of the residences of concern, (The microphone 
position was essentially upwind from the ma- 
chine - this being selected due to the fact that 
the terrain' dropped sharply downwind. ) The 
Lr50 value for this curve is 71 dB; and the flat- 
ness of the curve should be noted - LIO was 
less than 74 dB and L90 was nearly 69 dB. 

The lower curve of Figure 4 is simply the low- 
est of several individual one -half hour deter- 
minations when the wind turbine was not oper- 
ating. 
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Figure 4: Sound Level Distribution at 
Position 1, 270 Feet from 
Center of Tower 


During part of the time represented by the data 
of Figure 4, a strong noise complaint was 
received from the downwind residence. Exces- 
sive levels were noted there during an overall 
period of 2-3 hours. Three successive one- 
half hour statistical evaluations were obtained 
there during this periodp and the combined eval- 
uation is presented as the upper curve of 
Figure 5. Note that L50 for this curve is nearly 
64 dB and LIO more than 72 dB. There is little 
doubt that the levels here actually exceeded the 
levels at 270 feet occasionally. With normal 
spherical divergence, one would have expected 
more than a 21 dB reduction in sound relative 
to the near field - thus bringing the expected 
L50 down to about 50 dB. 



Figure 5: Sound Level Distributions at 
Residence of Concern 

The lower curve of Figure 5 is a similar eval- 
uation at this residence for other periods of 
on-line operation when complaints were not 
received. Note that for this curve, L50 is 
51 dB - in close agreement with expectations. 
However, as shown by the upper curve of 
Figure 5, there were occasions during the 
complaint period when the sound levels were 
more than 25 dB in excess of what should have 
been expected on the basis of simple spherical 
divergence. 

The middle curve of Figure 5 is a combination 
of the other two curves shown here made under 
the rough assumption that atmospheric condi- 
tions leading to such acoustic focusing might 
occur perhaps one- sixth of the total time. In 
this event, 31, 5 Hz octave band levels of 65- 
70 dB might be expected to occur about 3-7% 
of the time. 


It woixld be possible to combine a statistical 
level evaluation with the complaint prediction 
program previously discussed, but no attempt 
has yet been made in this direction. 

CONCLUSIONS 

The results of these studies indicate that for a 
given type of wind turbine design, the mathe- 
matical model concept presented should provide 
a useful tool for estimating wind turbine noise. 

An acoustical measure consisting of the total 
sound level within the frequency range from 
20 to 50 Hz seems to be suitable for correlating 
wind turbine noise with possible complaints. The 
use of the 31. 5 octave band level is believed to be 
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satisfactory as a rough approximation to this 
measure^ 

A previously developed computer program 
seems to provide reasonable agreement with 
complaints relative to MOD-1 noise, when 
used with the above measure as input. 

The brief statistical study indicates that there 
are occasions when atmospherical focusing is 
sufficient to increase MOD-1 sound levels to 
more than 25 dB higher than would be expected 
with simple spherical divergence, 
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ENHANCEblENT OF FAR-FIELD SOUND LEVELS BY REFRACTIVE FOCUSING 


Dennis W, Thomson and S, David Roth 
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The Pennsylvania State University 
University Park, PA 16802 


ABSTRACT 


The enhancement of sound pressure levels resulting from refractive focusing has been calculated for 
meteorological conditions representative of those observed at the MOD-1 site near Boone, N.C. The 
results show that 10 to 2GdB enhancements can occur over ranges of several hundred meters. Localized 
enhancements in excess of 20dB can occur but will probably be of limited duration as a consequence of 
normal teinporally varying meteorological conditions. 


INTRODUCTION 


MODELING TECHNIQUE 


Refractive propagation of sound which produces 
zones of enhanced and diminished audibility at 
varying distances from the source has been of 
intermitt ant interest since the turn of the 
century. In fact prior to rocket soundings, 
analysis of the so-called anomalous propagation 
provided Whipple (1923) and others with one of 
few available means for studies of upper atmos- 
phere temperature profiles. 

Although there have been a number of studies of 
refractive propagation resulting from wind and 
temperature gradients in the atmosphere’s 
planetary boundary layer (the lowermost one to 
two km), the results of these studies ought now 
to be reviewed in the light of our recently, 
vastly, improved knowledge of meteorological 
boundary layer structure and processes. The 
lack of adequate supporting meteorological 
measurements, for example, greatly diminishes 
the value of the otherwise careful 13.5 Hz 
measurements and analysis by Chung (1972). In 
retrospect the author and his colleagues 
(Greenfield et, al . , 1974) should have included 
evaluation of the contribution by wind shear 
in elevated temperature inversions to their 
analysis of 200 Hz refractive propagation. 
Artillery sound ranging errors have also been 
extensively evaluated (see e.g. Lee, 1969). 
However, results from case studies appear to be 
either lacking or not readily available. 

About one year ago, the meteorological acouS^ 
tics group at Penn State assisted SERI with 
field measurements and began analysis of the 
noise disturbances associated with the MOD-1 
WECS situated at Boone, N.C. Results of the 
preliminary studies are available in the tech^ 
nical report by Thomson (1980) ^ich is 
currently in press at SERI. These studies 
clearly established that refractive focusing of 
the sound by wind shear in the vicinity of the 
MOD-1 WECS could have contributed to unaccept- 
ably high noise levels at several of the loca- 
tions from which complaints had been regist- 
ered. The results of this paper include re“ 
cently completed estimates of the enhanced 
sound pressure level (relative to spherical 
spreading) of a caustic, the domain of which 
has been set to conform to typical dimensions 
of a residential unit. 


The motion of the acoustic wave front s(x, t) is 
described by the Eikonal equation 


2ve-Vs + 
n 




9 

o 


0 


where 0 are the series coefficients in the 
expansion of the potential velocity, c is the 
phase velocity and 0 the initial angle of a 
specified ray. 

The Eikonal equation is numerically solved for 
nonhomogeneous , anisotropic media, i.e, for wind 
speed and temperature varying (externally speci- 
fied) with height. A unique aspect of the com- 
puter program is the inclusion of the tracking 
of rays which have undergone reflection at a 
complex terrain (non-horizontal slope) surface. 
Figure one illustrates such a ray trace includ- 
ing focusing near one of the MOD-1 impacted 
homes. 

The exact location of a focus point, caustic, is 
critically dependent upon meteorological condi- 
tions at the mountain site. Variations in the 
time scale of a few minutes in the vertical wind 
speed profile near the mountain top can easily 
displace a caustic several 10 ’s or even hundreds 
of meters. To evaluate the temporal variability 
factor we hope shortly to be able to produce 
"tracks" of caustic positions using processed 
micrometeoro logical data from the Univ. of Vir- 
ginia and Pacific Northwest Labs tethersonde 
flights. In order to evaluate the sound pressure 
level at an arbitrary receiver location, we use 
an eigenray routine which searches a range of 
angles and employs a bisection method to zero 
in on the initial angles of rays at the source. 
Corrections are made for spherical spreading and 
both ground reflection and atmospheric absorption 
losses. In their present form the eigenray pro- 
grams are not yet able to be used for predicting 
actual sound pressure levels for complex terrain 
locations, 1 We recognize, however, the substan- 
tial community interest in knowing the approxi- 
mate magnitude of enhanced sound levels resulting 
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^The necessary modifications are scheduled as a 
part of a larger research effort to be performed 
by us for SERI 
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QUESTIONS AND ANSWERS 


D.W. Thomson 


Prom; S. Quraeshi 

Q; What, in your opinion, would be the effect of location of HAWTG on a hill or in a 
valley (effect on noise, propagation, amplification, distance)? 

A: Flow Qonvevgenoe near a hilltop will tend to increase downwind sound levels. Flow 

divergence downwind of a valley Or channel location will tend to reduce downwind 
noise levels* 

From: Anonymous 

Q: What was relative enhancement of upwind versus downwind? 

A; .Upwind: Z-7 dB 

Downwind: 10^20 dB 

From: Anonymous 

Q: Is the primary mechanism responsible for refractive focusing the wind shear or 

temperature (density) gradient? 

A: It is the wind shear by about an order of magnitude. 

From; J.R. Connell 

Q: What effect would you expect for vertical profiles of wind (at a mountain top) 

which have reduced on negative shear? 

A: Reduced downwind noise levels or even refraction of the sound upward if the nega- 

tive shear profile is sufficiently large to overcome the temperature gradient 
(inversion) contribution to the vertical sound velocity profile* However^ for 
isolated peaks the work of Hunt at Cambridge and Mason and Sykes of the English 
Met Office indicate that Z-dimensional flows will enhance downwind focusing * 

From: G,P. Tennyson 

Q: If we can provide fairly good wind profiles, directions, velocities, etc., can 

you forecast noise focusing so as to evaluate a site ahead of time? 

A: YeSj but as far as I know^ the wind and temperature profiles which are needed 

for acoustic propagation analysis are hot currently made in site evaluation 
studies* 

From: G. Greene 

Q: Are you suggesting the problem is totally due to refraction or just enhanced? 

A: The problem is only aggravated by refraction* The only solution is suppression of 

the noise at the source. Even a ^^relatively quiet’* machine may produce occasion- 
ally annoying levels due to refractive focusing * 

From: P.W. Perkins 

Q: What climate types will have most and least focusing? Hot and dry versus cold and 

wet, for example. 

A: Climate in the sense of say^ desert versus coastal fog conditions ^ is not the 

principal factor. What is important is local terrain and the diurnal structure 
and evolution of the atmosphere’s planetary boundary layer. Generally^ the worst 
case conditions will he associated with complex terrain where strong shear (wind) 
is generated by the underlying surface and nighttime conditions where the atmo- 
sphere tends to be dynamically stable and hence^ acres of large wind shear can 

exist in the lowest 100 to 500 m height* 
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ABSTRACT 

This paper develops theoretical models to predict 
the radiation of low-frequency and impulsive sound 
from horizontal -axis wind turbines due to three 
sources: (l) steady blade loads; (2) unsteady 

blade loads due to operation in a ground shear; 

(3) unsteady loads felt by the blades as they 
cross the tower wake. These models are then used 
to predict the acoustic output of MOD- I, the large 
wind turbine operated near Boone, N.C. Predicted 
acoustic time signals are compared to those actual- 
ly measured near MOD- I ; good agreement is obtained. 

INTRODUCTION 

The possibility of satisfying some fraction of our 
energy needs with wind power has recently received 
serious consideration. As a result, a number of 
experimental vertical- and horizontal -axis wind 
turbines have been constructed under DOE sponsor- 
ship and are presently being tested. In this 
paper we present aerodynamic and acoustic models 
developed or adapted to predict sound radiation 
from horizontal -axis wind turbines due to the 
following three acoustic sources: (1) steady 

blade loads, (2) unsteady blade loads due to wind 
shear, and (3) unsteady loads acting on the blades 
as the latter pass through the tower wake. 

Below, we describe the mathematical models used 
to predict noise due to these sources and apply 
these models to calculate the acoustic output of 
the DOE/NASA MOD-1 wind turbine (for which some 
tower wake data and sound measurements are avail- 
able) under typical operating conditions: a free 

stream of 35 MPH and rotor speeds of 23 and 35 RPM* 
Although possibly an important cause of impulsive 
low-frequency sound radiation under certain oper- 
ating conditions, cross flow into the rotor was 
not studied here due to difficulties in aerodyna- 
mic modeling similar to those met in non-rigid 
wake analyses for helicopter rotors (ref. 1). 

Study of this mechanism should be part of future 
theoretical and experimental research on wind 
turbine noise, in the present preliminary study 
we are mainly concerned with modeling the rotor 
aerodynamics in order to determine the strength 
and frequency content of sources of sound on the 
rotor disk; we do not consider terrain and atmos- 
pheric effects on the propagation of such sound 
once it has been created. So, the models devel- 
oped here for mechanisms (1) -(3), above, do not 
take into account the presence of the ground plane 
or the effects which the wind profile or an atmos- 
pheric temperature gradient will have on acoustic 
propagation. 

The acoustic models used to predict sound due to 
(1), steady blade forces and (2), unsteady blade 
forces to ground shear are based on, respectively: 
the classical Gutin propeller noise theory (ref. 2); 
and its generalization for the case of unsteady 
blade sources (ref. 3)* In both studies we used 


lifting-line theory coupled with a vortex- lattice- 
wake model to calculate loads at chosen radial 
stations for each blade. The wake was assumed to 
be semi-rigid in that it was allowed to move with 
the local wind velocity (ref. 4). We did not 
assume compactness of acoustic sources on the 
rotor disk which would have simplified the analy- 
sis somewhat. 

To investigate the acoustic effect of (3), blades 
cutting through the tower wake, we applied the 
blade-slap theory of ref. 5* Here, the unsteady 
airloads acting on a blade passing through the 
mean profile of the tower wake were obtained 
using FI lotas' linear, unsteady aerodynamic theory 
(ref, 6), The wake data used in the calculations 
is that given in ref, 7 for a l/40th-scale model 
of MOD-1. Predictions of sound are In good agree- 
ment, both quantitatively and qualitatively, with 
field measurements. 

FORMULATION 

A, Sound due to Steady Blade Loads (Gutin noise) 

Even If the tower and rotor wakes did not interact 
with the turbine blades, and ground shear and 
cross flows were absent, sound would radiate from 
a wind turbine due to the rotary motion of steady 
blade loads. The model used here to study the 
contribution of this source mechanism to the total 
far-field signal is based on an adaptation of the 
classical Gutin propeller noise theory (ref. 2); 
propagation of sound was assumed to take place in 
a stationary medium and the acoustic effect of the 
presence of a ground plane was neglected. The 
source representation for each blade did not take 
advantage of acoustic compactness In either the 
chbrdwise or radiaT d i rectlons . Instead, we con- 
structed a distributed source region for the rotor 
plane (zero coning angle) by using values of blade 
thrust and In-plane forces for six radial stations. 
Furthermore, at each station these values of force 
were distributed along the local chord assuming a 
flat-plate loading distribution. 

The actual calculations of blade forces were per- 
formed using the 1 1 ft i ng-1 i ne aerodynamic numeri- 
cal model described in detail In ref. 4. The model 
uses curved grids or lattices of trailing and shed 
vortices to represent the wake behind a turbine 
rotor in a nonuniform incident free stream. Each 
lattice has Its origin at the trailing edge of a 
rotor blade and is allowed to change shape as each 
of Its grid points is convected with the local 
value of the nonuniform free stream velocity; such 
a wake Is "semi-rigid" In current aerodynamic ter- 
minology. The blade loads are calculated using an 
iterative procedure. The code, named US-21 by Its 
original developers (ref. 4), outputs values of 
blade forces around the rotor for an input ground 
shear; it can calculate steady blade loads for the 
special case of a uniform rotor inflow. Although 
based on potential theory, US -21 Incorporates some 
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viscous effects In the aeroacoustic model by com- 
puting values of local skin-friction drag from 
knowledge of the calculated potential flow field 
and the drag coefficients for each local blade 
section. Figure I shows the coordinate system 
used in the acoustic irradel for the steady loads; 
since the Gut In sound field is axi symmetric, only 
the angle i|; is needed to describe the predicted 
directivity patterns. 


In the classical theory of Gut in noise (ref. 2) 
the pressure level P at the s^^ harmonic of the 
blade-passage frequency is given by the following 
expression; ^ 

P,(r,rp) 

o 

R 

dr' I(r'^ 
o 

• ^ sB^r* sin 

J ( 1 ) 


where r,^p define the observer's position in the 
axi symmetric (in y) Gut in sound field; B stands 
for the number of blades, Cq for the speed of 
sound, and U and R for the rotor's speed and 
radius, respectively. T(r') and I(r*) denote the 
values in pounds per linear foot of steady thrust 
and in-plane forces, respectively, computed by 
US “2 1 at six radial stations for each blade; r' is 
the distance separating each station from the hub. 
We chose stations located at 20, 30, 40, 60, 75, 

85 , and 95^ of the rotor radius. At each, we 
distributed the values of the calculated forces 
along the local cho rd c(r') using a flat- pi ate 
loading shape Ap^/(x+x. ) / (x"X. ^ ; the Fourier 
coefficients of the load shape functions are 
designated A^(r') in (I). With indicating 

the position^of the trailing edge of each blade 
section for each radial station relative to that 
of r‘ =0.2R , we have, for the thrusts (the in-plane 
forces were treated similarly) 


ApCr‘ ,y)== 


T(r') \Oi5SIir 

(r')/2 VY-YQ(r')-c(r')/r' 
for Y^(r')<Y<Y^(r') 


0 otherwise 


and so, by Fourier's theorem, 

00 

,Ap(r' ,Y,t)=T(r') I Aj(r') exp[2Tris(Y-f2t)/r] 

S=-eo 


( 2 ) 

(3) 


p(r,i|;,t) = f P 

5= -CO 


where t is time. 

A Fast -Fourier Transform routine calculated the 
A^(r‘) coefficients in (3) and the time signal 
from (4). A sample size of 2048 points was used 
to represent the load -shape functions for every 
radial station. The same number was used to obtain 
the time signal from the calculated harmonics. 

B. Low-Frequency Sound due to Operation in a 
Ground Shear 


Since the turbine operates in the earth's boundary 
layer, the actual free stream can be far from uni- 
form and the associated acoustic field far from 
axi symmetric. Low-frequency sound then has two 
origins; (1) the steady loads in rotary motion, 
as for uniform flow; and (2) the unsteadiness due 
to the variation of blade forces around the rotor. 


As in the Gut in noise study, the acoustic model we 
used to Investigate the effect of wind shear does 
not take advantage of compactness of acoustic 
sources on the rotor. The distributed source re- 
presentation was constructed as previously de- 
scribed, that is, blade loads (thrust and in-plane) 
were calculated at six radial stations and at each 
such station their local values were distributed 
across the local chord using the flat -pi ate loading 
shape. The acoustic theory used is the standard 
generalization of the Gut in model to allow blade 
forces to vary around the rotor (ref. 3). We 
assumed that sound propagates In an infinite sta- 
tionary medium with no ground plane. Program 
US-21 calculated the blade loads for the turbine 
operating cases of interest. 

We considered an example of a free stream with a 
shear linear in profile constructed from the sum 
of a uniform 35 MPH free stream and a linear func- 
tion with a magnitude of 8 MPH at the highest and 
lowest points on the rotor. Such a model for 
shear, besides approximat i ng wel 1 most free-stream 
profiles, enabled us to compare the predicted 
acoustic fields to those obtained here using 
GutInVs theory because, for the small blade-pitch 
cases considered here, the pressure far field for 
linear ground shear contains approximately the 
same amount of Gut in noise as its uni form- flow 
cou n t e rpa r t . This all owed us to isolate t he 
acoustic effect of unsteadiness due to the non- 
uniformity of the incident rotor inflow. 


The standard generalization of Gutin’s theory for 
nonuniform incident inflows contains the following 
expression for the harmonics of the acoustic signal 
In the far field (ref. 3) ; 


. i^+isBY 00 

e ° I 


q=- 


(-i)(sB+q) 


sBQcosi|j 


d r ' r ' B^ ( r ' ) ( r ' ) ( S Bflr^s i nip) 


° R 
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Here V is 2 tt/B; for the two-bladed MOD- 1, r = TT. 

Having calculated the harmonics by means of (I) 
we obtain the acoustic signal p using 
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where, since the flow into the rotor is not uni- 
form, the thrust and in-plane forces T and I be- 
come functions also of y? the in-plane rotor angle. 
We then write, for the thrust. 


Ap(r' ,y)= 


T(r',Y) . / 

ScTtHT/T V Y-y^(r‘}-c(r ')/r ' 


for Yo(r')<Y<Yo(r') 


0 . 


or otherwise 


I (6) 

so that in place of (3) we now have 
=0 . 

Ap(r',Y.t)=J B^(r')e | A(r') 

q— “CO " s = -oo 

• exp[27T i sB /V] (7) 

2TTiqy 

T r ' 

where the substitution T(r‘ ,y)= I B (r')6 

q=-oo <1 _ 

has been made. Here, r^ = 27T, and the B (r*)'s are 
the Fourier coefficients of T(r',y), calculated 
numerically for each radial station using a Fast- 
Four ier Transform routine. Equations similar to 
(6) and (7) were also used to express the in -plane 
forces I(r',y). T(r' ,y) and I(r‘,y) changed 
around the rotor only very gradually for the case 
of linear shear studied here; so we found that 
they and their transforms could be adequately re- 
presented by 24 sample points. 

The time signal is still given by eq, (4). 

C. Impulsive Sound due to the Passage of the 
Blades through the Tower Wake 

In order to investigate sound radiation due to the 
tower wake we applied a modification of the hell- 
copter-blade slap theory of ref. 5. Briefly, the 
present model performs the following sequence of 
ca 1 cu 1 a t i on s : ( 1 ) the mea su red mean towe r -wa ke velo- 
city profile is expressed as a sum of upwash gusts 
by the Fourier transform theorem; (2) the unsteady 
force acting on a blade passing through a single 
gust is determined using Fi lotas* aerodynamic 
theory; (3) the unsteady force acting on a blade 
as it encounters the tower wake is obtained by 
superposition of solutions from (2); (4) spanwise 
superposition of solutions of (3) is applied to 
model the three-dimensional effects of blade rota- 
tion and finiteness in span; (5) the wave equation 
in an infinite stationary medium (with no ground 
plane) is solved with the aerodynamic forces as 
bounda ry condi t i on . 

In step (l) above, we used the wake profile appro- 
ximately at the 741 rotor radius station to repre- 
sent the profiles at all radial positions. The 
actual tower wake data for the numerical calcula- 


tions was taken from ref. 7» where the 74% radial 
position corresponds to a height of 23-2" from 
the base of a l/40th-scale model of MOD-f . The mean 
wake velocity measurements were made at points 
downstream of the rotor which were at a distance 
from the tower-center line of 13.13" (43.77 feet 
in scale); we assumed these did not differ greatly 
from those on the actual rotor plane, which for 
the model Is at a distance of 9.10** (or 30,33 f®et 
in scale) from the tower -center line. Two sets of 
calculations were performed, one using a rota- 
tional speed of 35 and the other 23 RPM, in 
each we investigated wakes for free streams orien- 
ted at 0°, 20°, and 45° with respect to the tower 
structure; for convenience, computer generated 
reconstructions of these velocity profiles norma- 
lized by the free stream are presented in figs. 
2a-c. In each, the abscissa, which represents the 
distance across the tower wake normal to both the 
tower and the free stream, has been scaled to 
actua 1 MOD- 1 d i mens ions . 


To calculate the local unsteady load acting on a 
blade section passing through the tower wake, we 
use Filotas* linear two-dimensional aerodynamic 
theory (ref. 6). The model is adapted from ref. 5, 
where it was used to predict noise due to blade- 
vortex interaction In helicopter rotors. Its 
application here is justified by the following two 
conditions o n t u rb I n e o per a t i on a nd towe r wa ke 
characteristic, respectively, which generally are 
met by wind turbines: (1) small advance ratio 

(small ratio of rotor inflow velocity to rotor tip 
speed); and (2) small sector of rotor azimuth 
occupied by the tower wake. 

We assumed the wake was two-dimensional, that Is, 
that the same wake profile existed at all posi- 
tions along the tower height. Also, we used a 
local two-dimensional model for the blade unsteady 
aerodynamics. Later, we incorporated some three- 
dimensional effects of blade rotation and finite- 
ness of blade length into both aerodynamic and 
acoustic models. 


Let w(y) denote the upwash felt by a blade passing 
through the tower wake; the variable y measures 
the distance normal to the radial direction on the 
rotor plane. By Fourier's theorem, we express 
w(y) as a sum of sinusoidal gusts of varying 
amplitude W(s) 


00 

w(y) - I ds W(s) 6* 
-00 


( 8 ) 


The unsteady load L(t,s) acting on the blade due 
to the interaction with a single gust is obtained 
applying Filotas* aerodynamic theory; 


w(s)e''®* 

(9) 

where p is the background air density, and R the 
rotor speed and rotor radius, respectively, and c 
the blade chord. We shall refer to the term in 
brackets in (9) as L (s) . From (9) > and using 
superposition, we ob?ain the unsteady blade loading 


L(t,s)= 


7rp (QR) 

/T+Hs 


c exp 1 -7T^/ (2+47rs) 
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L(t) due to the passage through the tower wake 


L(t) 


ds L (t,s) 


do) 


Here, r is the distance between the observer in 
the far field and the turbine hub, and z is the 
projection of this distance on a plane normal to 
that of the rotor. M is J^R/c , the tip Mach 
number. ^ 


The expression above (valid for a locally two- 
dimensional flow) has been derived for a blade of 
infinite length traveling rectil i nearly. The 
three-dimensional aerodynamic and acoustic effects 
of blade rotation and finiteness of blade length 
are modeled as follows: the acoustic pressure p 

satisfies the three-dimensional stationary medium 
wave equation; the unsteady loads on the blade 
passing through the tower wake are taken to be 
equal to the two-dimensional sectional load given 
In (lO) with the local blade velocity (and thus 
the magnitude of the loading) varying linearly 
from hub to tip. Given the assumption we have 
made here about the tower wake being the same for 
all points along the vertical (from blade tip to 
hub), such a model for the actual three-dimensional 
loading on a rotating blade, which sees a relative 
free stream linearly increasing in the tip direc- 
tion, should be reasonably accurate except at a 
sraa 11 region nea r the t i p ; he re i t ove res t i ma te s 
the actual dipol e strength since the latter must 
vanish as /R-r ‘ . We solve the three-dimensional 

wave equation subject to the boundary condition 


Ap(r‘ ,y)» 


L(t)6{f (y-t) } 


for 0 < r' < R 


0 


for r' >R 


(II) 


where, as before, r' stands for the radial distance 
from the hub measured on the rotor plane. All 
spatial variables have been normalized by the blade 
semichord c/2, and time by (c/2)/J^R. 


The solution of the above boundary value problem 
has the following form in the far field: 

op 


r iTTfc 


ds s i^(s)D(s;p^,*^) 


-oo 


The directivity factor D(s;z/r,y/r,r */r) in (13) 
reaches a maximum in magnitude when r'/r«0, that 
is, at points in the acoustic field which coincide 
with the rotor axis. Naturally, for a given r 
there are two such points — one upstream of the 
turbine and one downstream. The fourier trans- 
form W(s) , of the tower-wake upwash on the blade, 
was computed numerically with 2048 sample points 
using a Fast -Fourier Transform routine; so was 
the acoustic pulse in the far field as given by 
( 12 ). 


DISCUSSION OF RESULTS 

A. Predictions of Gut in Noise 

Figure 3 shows predicted directivity patterns at 
one kilometer from MOD-1 for the first three 
harmonics of the acoustic pressure for an opera- 
ting condition of 35~RPM rotor speed and a 35-MPH 
free stream; the sound pressure level had a 
maximum value of 58 dB in the direction 
Figure 4 corresponds to the 35**MPH free stream, 
23-RPM condition, for which the maximum level was 
50 dB. A value of zero pitch at the blade tips 
was used In both sets of calculations. 

For both uniform-flow operating conditions studied 
here we found that the predicted spectrum had the 
expected f ea tu re of con ta i n i ng only a few ha rmo- 
nics of significant level; therefore, the time 
signals (not shown here) were essentially pure 
sine waves at the blade passage frequency* Also 
as expected, the predicted Gutin directivity 
patterns indicated zero on -ax is sound and a pre- 
ference for radiation in the upstream direction 
of the turbine. Finally, we also confirmed that 
the case of lower rotational speed (23 RPM) 
radiates less overall Gutin noise than that of 
35 RPM. 

B. Predictions of Sound due to Ground Shear 


• exp|^is(Mr-t)/(l-M^)J 


with 


n/.. z y r'\ z 1 I 


( 12 ) 


exp[-isRM(r'/r)/(l -M^)]-I 
R [M(r'/r)s/(1 -#)]^ 


i exp [-isRM(r '/r)/(l - M^)i 
s[M(r'/r)/(1 -M^)] 


(13) 


Because the ground shear produces unsteady blade 
loads that vary with position around the rotor 
disk, the sound field is a function of both the 
angle and angle in the rotor plane y. Normally, 
for an observer on the ground far from the rotor, 
y will be essential ly 90®. However, if the obser- 
ver is at a position in the field which is close 
to the rotor or much higher or lower than the 
horizontal plane of the turbineis base, acoustic 
predictions at other values of Y niay 8e of interest. 
Our numerical results indicated however that the 
dependence on y is very weak* 

Figure 5 shows the predicted directivity pattern 
at one kilometer from MID-1 for the first three 
harmonics of the acoustic pressure for y-90®; 
the maximum sound pressure level was found to be 
about 58 dB in the direction of ^-65**- The oper- 
ating condition for the turbine was a 35’*RPM rotor 
speed, zero blade tip pitch, and the previously 
described linear-shear free stream. Figure 6 
shows similar predicted results for the operating 
condition of 23 RPM, zero blade tip pitch, and the 
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same ground-shear profile. The maximum sound 
pressure level was found to be about 52 dB for 
this case. 

In conclusion, in contrast to the acoustic direc- 
tivity patterns for Gut in noise, those for ground 
shear indicated non- zero values of on -axis sound 
levels, due mostly to the higher harmonics. This 
relative growth of the higher part of the spectra 
Is apparent also at the field points where the 
calculated sound pressure levels had maximum 
values In that the shapes of the acoustic signals 
there (not presented here) had slightly steeper 
slopes than those for Gut in noise. Accordingly, 
the maximum sound levels were higher than those 
obtained for uniform rotor Inflow; the difference 
came from the added contribution to the sound 
field of the unsteadiness of blade forces, an 
acoustic source which of course Is absent when the 
incident rotor inflow is uniform. 

C. Predictions of Sound due to Tower-Wake/Blade 
1 nteract ion 

Figures 7a-c for 35 RPM show predicted acoustic 
signals at one kilometer from MOD-1 for the wind- 
tower angles of 0°, 20°, and 45®, for which we ob- 
tained predicted sound levels of 85, 83, and 84 dB 
respectively, at the field point of maximum acous- 
tic pressure (0° azimuth). These values are in 
good agreement with the amplitude of the measured 
signal shown in Fig. 8 (ref. 8). The signal in 
Fig. 8 was recorded approximately one kilometer 
from MOD- I and at a position in the field 24° In 
azimuth off the turbine's axis (see Fig. 10 below); 
by definition the direction of the wind corresponds 
to a 0° azimuth. The predicted time signals for 
the 23-RPM case were qualitatively similar to those 
shown here for 35 RPM but with the substantially 
lower values for maximum amplitude of 74, 72, and 
73 dB for wind-tower angles 0°, 20°, and 45°, 
respectively. Figure 9 shows the predicted sets 
of spectra of these computed acoustic signals for 
the two cases of 35 and 23 RPM. Figure 10 shows 
the predicted simple acoustic dipole directivity 
pattern at one kilometer for the case of 35 RPM 
and wind- tower angle of 0°; the position In the 
field corresponding to that where the acoustic 
measurement in Fig, 1 was taken Is indicated. 

CONCLUSIONS 

Based on the predictions of the models, we conclude 
that neither steady blade loads nor loads due to 
operation In ground shear contribute substantially 
to the acoustic signal from a wind turbine such as 
MOD-1. However, comparison of the theoretically 
predicted signal for noise from interaction with the 
mean wake (Fig. 7a) for a 35“RRM rotational speed, 
35-MPH wind speed, 0° wind-tower angle, and the 
measured one shown in Fig. 8 indicates a close 
resemblance, both quantitatively and qualitatively. 
The conclusion to be drawn from this that high 
level impulsive sound could radiate from MOD- I due 
to the interaction of Its blades and tower wake. 

The results for the 23“RPM case suggest that a 
possible way to reduce a turbine's acoustic output 
is to operate at a lower rotor speed. Instead, 
dramatic noise reduction could be achieved without 
compromising performance by changing the structural 
configuration of towers to have smoother wakes. 


To accomplish this, the relationship of complicated 
tower geometries and their wakes will have to be 
Invest i gated experimental ly in follow-on studies. 
Earlier we had pointed out that cross flows Into 
the rotor might have significant acoustic effects. 
Investigation of this possibility should also form 
part of future experimental and theoretical 
research . 
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nomenclature 

A Fourier components of the flat-0 late load 
^ shape functions, Eq. (l) 

B number of blades - two for MOD-I 

Fourier coefficients of I, T, respectively, 

^ given In Eq, (5) 

C local blade chord 

c sound speed 

D directivity factor, Eq, (13) 

I magnitude of computed in-plane blade force 

J Bessel function of order n 

_n 

L unsteady lift acting on a blade passing 

through a gust, Eq. (9) 
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L iBagnitude of unsteady l ift due to blade/gust 
interaction given by fi lotas' theory, term in 
brackets In Eq. (9) 

M blade tip Mach number 

p acoustic pressure 

harmonics of the acoustic pressure signal p 

r distance of observer in the far field from 
turbine hub 

r' radial distance measured on the plane of the 
rotor disk 

R rotor radius 

s harmonic counter 

T magnitude of computed thrust blade force 

t t ime 

W Fourier transform of w 

w downwash felt by the blades as they cross the 
tower wake 

y distance measured across the tower wake normal 
to the free stream direction and tower center- 
1 i ne 

z distance normal to rotor disk 


TOWER WAJCE VELOCITY TO FREE-STREAM RATIO 






WIND TOWER ANGLE 0* 
(a) 






bNE-THIRD OCTAVE BAND CENTER FREQUENCES IHzl 


Figure S: Spectra of predicted acoustic signals 

at 1 Km for J2= 23, 35 wind-tower 
angles 0°, 20®, 45®. 



Figure 10: Predicted acoustic directivity pattern 

for tower-wake model for wind-tower 
angle of 0°. Location of measurement 
is indicated in the acoustic field. 
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QUESTIONS AND ANSWERS 


W.L. Harris 


From: F«W» Perkins 

Q: Will any internal structural changes to the blades reduce impulsive noise signifi- 

cantly? 

A: 1^0. Stvuotuval changes in the hZadeSy within limitations of maintaining reliable 

blades y will not influence the tower wake, A small reduction in the amplitude of 
impulsive noise may be observed if a "softer" blade is used. 
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THE NASA-LeRC WIND TURBINE SOUND PREDICTION CODE 


Larry A. Viterna 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, O^io 


ABSTRACT 

Since regular operation of the DCH/NASA Mod-1 wind turbine began in October 1979 about 10 nearby 
households have complained of noise from the machine. Development of the NASA-LeRC wind turbine sound 
prediction code began in May 1980 as part of an effort to understand and reduce the noise generated by 
Mod-1. Tone sound levels predicted with this code are in generally good agreement with measured data 
taken in the vicinity Mod-1 wind turbine (less than 2 rotor diameters). Comparison in the far field 
indicates that propagation effects due to terrain and atmospheric conditions may be amplifying the actual 
sound levels by about 6 db. Parametric analysis using the code has shown that the predominant contri- 
butors to Mod-1 rotor noise are (1) the velocity deficit in the wake of the support tower, (2) the high 
rotor speed, and (3) off-optimum operation. 


INTRODUCTION 

Since regular operation of the Mod-1 wind 
turbine began in October 1979 about ten 
households have complained of noise from the 
machine. The character of the noise is 
described as an audible "thump” at a repetition 
rate equal to the blade passing frequency. In 
some instances, low frequency acoustic energy 
has resulted in complaints of vibrations within 
the homes. 

Since January 1980, efforts have been directed 
at identifying the causes of the noise and 
methods of reducing it. One effort has been the 
development of computer prediction codes and 
obtaining experimental data to verify these 
codes. The objective of this effort is to 
understand the noise generated by Mod-1 and to 
prevent it from being a problem on advanced 
machines. Development of a wind turbine sound 
prediction code began at the NASA-LeRC in May 
1980. This report presents (1) measured data 
that characterize the noise problem at Mod-1, 

(2) the analytical method used in the NASA LeRC 
code, (3) validation of the code using experi- 
mental data from Mod-1, and (4) applications of 
the code to the Mod-1 situation. 

SUMMARY 

Measured data taken at the Mod-1 site show that 
the impulsive character of the noise is composed 
of harmonics of the blade passing frequency. 

While some of these harmonics exist below the 
audible frequency range (about 20 to 20,000 Hz), 
many are above the nominal audible threshold of 
20 Hz. 

A computer program (WTSOUND) has been developed 
for calculating the intensity and frequency 
characteristics of sounds generated by wind 
turbines in a non-uniform wind flow field. The 
results calculated with this code are generally 
in good agreement with Mod-1 measured sound spec- 
tra. j-towever, propagation effects due to terrain 
and atmospheric conditions have complicated the 
amplitude correlation with Mod-1 data in the far 
field. These effects have been estimated by the 
code to cause an amplification of 6 dB or more 
at a home that has registered complaints. 


The WTSOUND code has been used to determine the 
source of the noise generation from Mod-1 as 
well as identifying operating conditions 
associated with the highest noise levels. 
Modeling of the wind flow field characteristics 
shows that the predominant source of noise from 
Mod-1 is the wind velocity deficit in the wake 
of the tower. Because the rotor plane is 
downwind of the tower, this deficit produces 
changes in the aerodynamic forces on the blades 
resulting in sound pressure variations in the 
acoustic field. The level of the sound pressure 
variations is most strongly a function of rotor 
speed and wind speed. Reducing the rotor speed 
from 35 to 23 rpm is predicted to reduce sound 
levels by about 11 dB. The increase in sound 
levels with windspeed is expected to be about 12 
cB between cutin and rated windspeeds. Vari- 
ation in sound level with power is not clear-cut 
since hi^n sound levels can occur during both 
high and low power conditions. 

M0D-1- MEASURED DATA 

In January 1980, the Solar Energy Research 
Institute (SERI) and the General Electric 
Company under DOE funding began visiting the 
Mod-1 site to investigate the noise problem. 
During those visits, tape recordings of the 
sound pressures were made both near the Mod-1 
and at residences that had complained of noise. 

A good example of the recorded time history of 
the pressure variation near the Mod-1 recorded 
by SERI is shown in Figure 1. The impulsive 
nature is clearly apparent as each blade passes 
behind the tower structure. The passage of the 
blade through the wake of each leg of the tower 
is seen as the two upper peaks approximately 
0.075 seconds apart. 

To better understand the character of the 
pressure impulse, spectrum analyses were 
performed on the measured data. One sample 
spectrum of the sound near the Mod-1 is shown in 
Figure 2. This was recorded vWien the machine 
was generating a heavy "thumping” sound at a 
residence. From this analysis, it is obvious 
that the impulsive character is composed of 
harmonics of the blade passage frequency (1.16 
Hz). Wriiti Che highest amplitude harmonics 
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axe in the sub-audible frequency range (less 
than about 20 Hz) , tones are apparent in the 
audible frequency range ^ove 20 Hz. 



TIME, SECONDS 

Figure 1 - Time history of the sound 
pressure variation near 
the Mod-1 


wind turbines in non-uniform flow fields. 

The predominant sound produced by a wind turbine 
is associated directly with the aerodynamic 
pressures on the blades. These pressures can be 
related for convenience to the thrust and torque 
forces on the rotor. The thrust and torque 
forces have components that are both steady ard 
unsteady in time. The steady forces produce 
sound called rotational noise, which consists of 
pressure variations in the acoustic field at the 
blade passing frequency with harmonics of 
rapidly decreasing n®gnitude. The unsteady 
forces may be either periodic (i.e. tower shadow 
and windshear) or random (i.e. gusts). Noise 
due to periodic unsteady forces may be dominant 
over rotational noise and generated higher 
harmonics of amplitude comparable to that of the 
fundamental. 

The method used to determine the sound pressure 
levels in the acoustic field is described by the 
flow chart in Figure 3. This proGedure can be 
summarized as follows: (1) calculation of the 
steady aerodynamic blade forces, (2) variation 
in these forces due to unsteady aerodynamics, 

(3) Fourier analysis of the force variation, and 

(4) calculation of sound pressure levels in the 
acoustic field. These steps are explained in 
more detail in the following sections. 



FREQUENCY, HZ 

Figure 2 - Spectrum Analysis of 
sound variation near 
the Mod-1 


ANALYTICAL METHOD OF THE SOUND CODE 
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The approach used in developing the wind turbine 
sound prediction code, WTSOUND, was to apply an 
available theory used for calculating noise from 
conventional aircraft propellers. The 
development of such theories goes back to 1937, 
when Gutin first successfully calculated the 
noise from a propeller in a uniform flow field 
(ref. 1). Since then, Gutin* s theory has been 
extended to include the effects of non-uniform 
flow fields (ref. 2) and applied to helicopters 
and turbomachinery as well as propellers. The 
WTSOUND code was written using this theory to 
provide a means of calculating sound intensity 
and frequency characteristics specifically for 


Figure 3 - Flow chart of sound 

pressure level calculation 


Steady Aerodynamic Blade Forces 

The total thrust force and torque on a rotor in 
uniform flow is determined from blade element- 
momentum theory. The reader is referred to 
reference 3 for development of this theory. 
There are several computer programs available 
that use blade element-momentum theory. 


412 














(3a) 


including the PRCF code (ref. 3). The R^OP code 
requires modeling of the wind turbine 
diaracteristics and operating conditions (i.e. 
planform, twist, rpm, windspeed, etc) to 
calculate the steady torque and thrust force on 
the rotor. The total torque and thrust on the 
rotor can then be resolved into equivalent 
forces acting on each blade at a single point. 
The point used in this analysis is the 75 
percent radius of the blade. That radial 
location is also used when modeling the unsteady 
aerodynamic variation. 

Unsteady Aerodynamic Blade Forces 

Once the steady forces have been determined, the 
unsteady forces are obtained through perturb- 
ation with non-dimensional force coefficients. 
Figure 4 shows the the wind velocity and force 
vector diagram of an airfoil element of chord 
length c . This airfoil is operating at a pitch 
angle 9 with respect to the plane of rotation. 
The velocity of the wind at the rotor plane, , 
confines with the velocity due to rotation, % 
to give the relative velocity vector, Vr. The 
relative velocity vector acts at an angle of 
attack a with respect to the airfoil chord 
line. The relative velocity and angle of attack 
are given by 



( 1 ) 


and 


a = 



( 2 ) 


The airfoil lift and drag coefficients are shown 
as the heavy line vectors in Figure 4. 



Figure 4 - Mind velocity and force 
vector diagram 


These coefficients can be transformed into a 
thrust force coefficient, Cy , acting perpendi- 
cular to the rotor plane and a torque force 
coefficient, Cn , acting parallel to the rotor 
plane where 


® cos (a + 9) Cjj sin (a ^ 6) 


and 


Cq = Cj^ sin(a + 9) - cos (a + 9) 


The thrust and torque coefficients can now be 
used to determine the unsteady forces associated 
with periodic variations in the wind velocity, 

. Such a periodic variation will occur as 
the blade rotates through wind shear or behind 
the wind turbine support tower. The quasi- 
steady state values of blade thrust force, T^ , 
and torque force, , at any rotor azimuth 
position, 4 , are given by 


and 


nS 




(4a) 


(4b) 


in which the superscript s denotes the steady 
forces and coefficients respectively, 

Fourier Analysis of the Force Variation 

The next step is to a perform a Fourier analysis 
of the blade force variation. The complex 
Fourier coefficients for the thrust and torque 
forces respectively are given by 

fit fa ^ ^ , 

•Mr/ ») 




in which a is the rotor speed. 



These coefficients are determined in the program 
using the IBM subroutine FORIT, FORIT gives 
real Fourier coefficients Ap and Bp for the 
cosine and sine terms respectively. The 
transformation to complex coefficients is 


or 


= Ap + iB 

=1 - IB 

•P P ] 


for 


p > 0 


(6a) 

(6b) 


A correction to the quasi-steady state analysis 
can now be made by including the effects of 
unsteady aerodynamics. The approach used here 
to determine the response of the airfoil was 
developed by Sears (ref. 4). The correction is 


413 



VALIDATION OF THE WTSOUND CXIDE 


given by a simple expression called a Sears 
function, which is used as a factor to the 
Fourier coefficients. The expression used to 
approximate the Sears function is 


S(a) 'v 


exp|lla[L - ^ 


(I + 27T0)^/2 


(7a) 


for 


a > 0 


where 


0 




(7b) 


The coefficients an and a_p in Equations ( 6 ) 
are multiplied by the Sears factor before use in 
calculating sound pressure levels. 

Sound Pressure Levels in the Acoustic Field 


The mathematical relationship for calculating 
the sound pressure levels from the Fourier 
coefficients of the blade force variation was 
obtained by Lowson (ref, 5). The RMS pressure 
variation of the harmonic of the blade 
passage frequency is given by the following 
equations: 



,^-ip(c|)~7r/2)j 


nB 


(k r 
“P n m 


sin y) 


X |a* cos Y - aj 

n m ^ 




X cos Y - ~ ^ a^ 

* “P -p, 


( 8 a) 


+ J ^(k r 
nB n m 


sin y) ( l® cos Y - 


k r 
n m 


and ( 8 b) 

n Co 

in which 

B is the nurhber of blades 

S is the distance from the rotor 

Y,<J) are azimuth and altitude angles 
to the listener 


To verify the accuracy of the WTSOUND code, 
measured data from the Mod-1 wind turbine were 
used. The data presented here were taken from 
references 6 and 7. 

Correlation with the Mod-1 Measured Data 

On dune 10, 1980 at 12:36 a.m. sound levels were 
being measured with a microphone located about 
240 ft from the Mod-1. The wind turbine was 
operating at 34.6 rpm in a 30 mph wind and 
generating about 750 kw into a load bank. The 
measured sound spectrum is shown in Figure 5 and 
has been designated case GE 180. These measured 
sound levels consist of both tones and broad- 
band noise. The tone levels, shown as the 
narrow peaks, are generated by the wind 
turbine. The broad-band level, shown as the 
flat areas of the spectrum, is composed of 
ambient wind noise as well as blade vortex noise. 



Figure 5 ~ Mod-1 measured sound 
levels for case GE 180 


Since the WTSOUND code calculates tone sound 
pressure levels, the effect of the broad-band 
noise on the spectrum must be removed for 
comparison with the code. To do this, two 
points on the spectrum were chosen that were 
believed to be at the broad-band noise level 
(Bi and 02 in Figure 5). The broad-band 
levels throughout the spectrum were calculated 
using the following empirical model: 



where 

L^ is the broadband sound level in 
^ dB at frequency f 


r is the blade radius where the thrust 
and torque forces are assumed to act 


L^Lp are the broadband sound levels 
^ ^ in dB at points Bi and B 2 


3 is the standard Bessel function 
Co is the speed of sound 


fl, f 2 are the frequencies corresponding 
to points Bi and 82 
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The tone-only levels were then determined by 




L “/10 


= XO logjlO - 10 


lJ/10\ 


( 10 ) 


where 

is the tone sound level in dB at 
^ frequeney f 

L*]J is the measured total sound level in 
^ dB at frequency f 

Some typical 'adjusted tone-only sound pressure 
levels are shown as the squares in figure 5. 

Note that this correction is small and can only 
be seen in areas where the tone and broad-band 
levels are comparable. 

An analytical model of the Mod-1 wind turbine 
was developed for case GE 180. Steady thrust 
and torque forces, required input for the 
WTSOUND code, were calculated using the PROP 
performance code. The wind velocity deficit in 
the wake of the tower was approximated as an 
average of the velocity profiles at the 69, 75, 
and 81 percent blade radius. The velocity 
profiles were taken from scale model wind tunnel 
tests of the Mod-1 tower (ref. 8). figure 6 
shows the measured wake velocities as well as 
the analytical wake model assumed. Note that 
the measured and assumed profiles were taken at 
different distances downwind of the tower. No 
correction to the wake for distance appears to 
be required, and none was made. 


lines are the tone levels predicted by the 
WTSOUND code. In general the code predicts the 
amplitudes of the highest harmpnics very well. 
Also the roll-off rates (amplitude decreasing 
with frequency) of the harmonics compare 
favorably. The differences that do exist are 
believed to be associated with the tower shadow 
model mentioned earlier. 



figure 7 - Comparison of theoretical 
and measured sound spectra 
for case GE 180 



BLADE AZIMUTHAL ANGLE, DEG. 
figure 6 - Mod-1 tower shadow 


Lowson*s equation gives free-space sound 
pressures with no effect of reflection from 
nearby solid bodies. A 6 dB increase has been 
included in the WTSOUND code analysis to account 
for reflection when using microphones near the 
ground. This correction is common practice when 
calculating airplane propeller noise at ground 
level (ref. 9). 


To more conveniently characterize the overall 
sound level of this spectrum, the root sum 
square (R5S) of the harmonics between 20 and 50 
Hz was calculated. The lower end of this range 
was chosen as the nominal threshold of hearing. 
The upper bound was chosen because the tone 
levels above this frequency fall below the 
broad-band noise. As shown in figure 7 the 
20-50 Hz RSS sound pressure level given by the 
WTSOUND code is 2 dB lower than the measured 
data. This agreement is felt to be very good. 

Table 1 summarizes the results from GE 180 as 
well as two other examples, cases GE 140 and GE 
IB. These two cases were chosen to test the 
ability of the code to predict changes in rotor 
speed and distance from the machine. 

GE 140 documents the sound levels near the Mod-1 
on June 9, 1980 at 9:22 p.m. The wind turbine 
was operating at a reduced speed of 22,7 rpm 
while again generating 750 kw. The wind speed 
of 26 mph was lower than the 30 mph wind of GE 
180. The measured RSS sound level for GE 140 is 
17 dB less than GE 180. Note that this 
reduction is exactly the same as predicted by 
the code. 

GE IB documents the sound levels at some 
distance from the Mod-1 (3100 ft. downwind) on 
March 31 at 12:26 pm. This location is near a 
residence that has complained of noise from the 


figure 7 shows the comparison of measured and 
predicted sound levels. The squares are the 
same as those shown in figure 5. The vertical 
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machine. At this time the Mod-1 was operating 
at 34.7 rpm in a 30 mph wind and producing about 
1850 kw into the utility grid. The measured 
20-50 Hz RS5 sound level is 21 dB lower than GE 
180. The predicted level, however, was 27 dB 
lower. Thus the actual level is about 6 dB 
higher than predicted by normal spherical 
dispersion. This 6 dB increase is believed to 
be associated with focusing of the sound due to 
terrain and atmospheric conditions. Though the 
amount of amplification may vary, this case 
demonstrates the use of the code to quantify the 
effects on sound propagation. 


Table I - Summary of Mod-1 
sound data cases 


NEAR FIELD (1.3 D) 


CASE 

RPM 

WIND SPEED. 
HPH 

20-50 HZ RHS SOUND PRESSURE LEVEL. DB | 

CODE 

MEASURED 

DIFFERENCE 

GE 180 

3A.6 

30 

79 

81 

-2 

GE MO 

22.7 

26 

62 

64 

-2 

FAR FIELD (15.5 D) 

GE IB 

3A.7 

30 

52 

60 

-8 


APPLICATION OF THE SOUND CODE 

After gaining confidence in the ability of 
WT50UND to predict the sound characteristics of 
wind turbines, the code was used to investigate 
the Mod-1 problem. In particular, studies were 
made of (1) the contribution to the sound level 
by Gharacteristics of the flow field, and (2) 
the operating conditions that affect the Mod-1 
sound problem. 

Effect of Flow Field Characteristics 

The WT50UND code was used to determine the 
relative contribution to the sound level by the 
characteristics of the flow through the rotor. 
Figure 8 shows the effect of the uniform flow, 
wind shear, and tower shadow. As stated 
earlier, the uniform flow field ccbntribute 
significantly only to the fundamental blade 
passing frequency. Similarly, wind shear, which 
is essentially a 1/rev. variation, contributes 
only to the first few harmonics. However, with 
the addition of tower shadow, many harmonics are 
introduced that have high amplitudes up into the 
audible frequency range. Thus, the predominant 
contribution to the noise problem of Mod-1 is 
the wind velocity deficit in the wake of the 
tower. 



FREQUENCY, HZ 

Figure 8 - Effect of wind shear and 

tower shadow on wind turbine 
sound level (Mod-1 case GE IB) 

Effect of Operating Conditions 

In an effort to better understand the conditions 
under which the highest sound levels are 
produced, the WTSOUND code was used to study the 
effects of various operating parameters. In 
particular, the effects of power, rotor speed, 
wind speed, and direction were investigated. 

Figure 9 shows the predicted sound levels versus 
power output for both 35 and 23 rpm operation. 

The solid line shows normal operation as the 
wind speed varies from cut in through rated to 
cutout wind speed (.6, 15, and 20 m/sec 
respectively). This analysis shows about a 12 
dB increase in sound level from cut in to rated 
wind speeds for both 35 and 23 rpm operation. 

This agrees reasonably well with empirical 
ntJdeling of the measured data (ref. 7) that 
indicates a variation of about 14 dB over those 
wind speeds. 

During normal operation at 23 rpm, the sound 
levels predicted in Figure 9 are about 11 dB 
lower than those for 35 rpm. This also agrees 
well with measured data taken in June 1980. 

During those tests, the Mod-1 was operated at 
various speeds into a load bank. Analysis of 
these data showed a reduction of about 10 dB at 
a rotor speed of 23 rpm (ref. 7). 

The shaded area in Figure 9 represents operation 
below the available power in the wind for wind 
speeds less than rated. Operation in this 
region is characterized as off-optimum. Under 
this situation the pitch of the blade is 
increased toward feather, to limit power below 
the rating of the machine. The shaded area 
^ows that hig^ sound levels may be produced 
even at low power levels. This conclusion seems 
to be supported by the fact that GE 180 (750 kw, 

30 mph) is further from normal operation than QE 
140 (750 kw, 26 mph) and is higher in sound 
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level than the 11 cB difference associated with 
rpm only , 

The sound levels at off-optimum operation above 
rated have not been determined. Improvements in 
the unsteady aerodynamic force calculation in 
the WTSOUND code are being incorporated to 
analyze this area of operation. 



Figure 9 - Effect of power, rpm, and 
windspeed on Hod-1 wind 
turbine sound levels 


The WTSOUND code can also be used to calculate 
the directivity pattern of the sound. Figure 10 
shows the directivity pattern in a plane IIQO 
ft. below the Mod-1 hub height. The direction 
of highest sound pressure is directly downwind; 
however, it is nearly as high upwind. Minimum 
sound generation occurs in the rotor plane where 
levels are about 18 dB lower than downwind. 

This compares reasonably well with measured data 
in the near field showing about 15 dB variation 
(ref, 7). 


CONCLUSIONS 

The WTSOUND computer code shows generally good 
agreement with sound spectra measured in the 
vicinity of a wind turbine. In the far field, 
however, correlation of the absolute amplitude 
of the sound level is complicated by propagation 
effects. For the case in this study, terrain 
and meterological conditions caused an increase 
of about 6 dB, 

Analysis using the SOUND code shows that the 
predominant contributor to the noise problem of 
Mod-1 is the wind velocity deficit in the wake 
of the tower. Changes in the aerodynamic 
forces, as the blades pass through the deficit, 
produce sound pressure variations in the 
acoustic field. 

The level of the sound pressure variations are 
most directly affected by rotor speed and 
windspeed. Reducing the rotor speed from 35 to 
23 rpm is predicted to reduce sound levels by 


about 11 dB. The increase in sound levels with 
windspeed is predicted to be 12 dB between cut in 
and rated. 

^ ROTOR PLAHE 

r 

I 

I 



Figure 10 - Predicted sound directivity 
pattern In a plane 1100 ft. 
below the Mod-1 
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QUESTIONS AND ANSWERS 


L,A« Viterna 


From: G« Greene 

Q: What was the averaging time of the data you used for Gomparison? 

A: Approximately 5 minutes. 

From: D.W. Thomson 

Q: Are you working on a code for f < 20 Hz? The observational data seemed to strongly 

support structural excitation as a major source of annoyance, 

A: The code predicts harmonics starting at the blade passage frequency 1 Ez) , We 

are using the 20-50 Hz RSS sound level to characterize audible annoyance , 

From: N.D, Kelley 

Q: Why does your model predict so many spectral peaks between blade passage and 50 Hz 

compared to OBS? 

A: This is due to the actual tower wake shape being different than the assumed wake 

based on scale model wind tunnel tests. We feel however j that the assumed wake 
is adequate to acceptably predict the spectrum characteristics , 
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NOISE GENERATION OF UPWIND ROTOR 
WIND TURBINE GENERATORS 

R. H* Spencer 

The Boeing Vertol Company 
P.O. Box 16858 
Philadelphia , PA 19142 


ABSTRACT 

Noise sources of wind turbines with rotors upstream of the support structure are discussed along with 
methodology for sound level prediction. Estimated noise levels for the MOD-2 wind turbine are pre- 
sented operating in both the upwind and downwind configurations. Results indicate that upwind rotor 
configurations may be advantageous from an acoustical standpoint. 


INTRODUCTION 

Wind turbine installations in the past generally 
have had low acoustic signatures that ranged 
from Unobtrusive to those which generated some 
annoyance in the immediate vicinity of the tur- 
bine while not dominating the ambient signature 
of the surrounding area. With the operation of 
the MOD-1 system, however, a more active inter- 
est in the noise of wind turbines took place. 
The acoustic signature of this rotor surprised 
engineers involved with the program as well as 
those who became associated as a direct result 
of the operation of the MOD-1 system. The pre- 
dominant source of noise for this downwind rotor 
configuration appears now to be fluctuating air- 
loads arising from interaction of the rotor and 
the wake trailed by the tower support structure. 
Upwind rotor configurations do not experience 
the same magnitude of airload fluctuations as 
the blade passes upstream of the tower, and 
other noise sources dominate. The subject paper 
discusses sources of noise on upwind rotor con- 
figurations and, in particular, the Boeing MOD-2 
system. 

SOURCES OF NOISE 

Wind turbine generator systems may be classified 
into two categories with respect to the position 
of the rotor relative to its support tower 
structure: (1) rotors which operate upwind and 
(2) those which operate downwind of the support 
structure. Rotors which are positioned closely 
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Figure 1 - Wind turbine generator noise 
sources 


downstream of the tower experience airload fluc- 
tuations as the blades pass through the disturb- 
ed wake of the structural members. Noise 
sources for wind turbines consist of rotor peri-^ 
odic and non-periodic components as well as 
those due to mechanical, hydraulic and electri- 
cal components housed within the hub, although 
these latter sources are negligible beyond a few 
rotor diameters. Figure 1 presents the compon- 
ents of rotor noise classified with respect to 
their time domain characteristics. The periodic 
elements consist of thrust, drag and radial 
forces on the blade which arise from the steady 
and fluctuation airloads, wind shear effects, 
and periodic airload disturbances resulting from 
the tower wake on a downwind rotor, the aero- 
dynamic reflection of the tower on an upwind 
rotor, or possible interactions with the trailed 
vortex system. 

Nonperiodic components of rotor noise consist of 
(1) random load fluctuations resulting from at- 
mospheric turbulence ingested into the rotor, 
and (2) the shear stress effects of a viscous 
medium. Noise arising from rotating blades in^ 
gesting disturbances in the flow has been inves- 
tigated previously ‘ by researchers^ interested in 
the effects of axial flow fans * 1 . More re- 
cently, atmospheric turbulence effects on pro- 
pellers and helicopter ^ rotors were s tidied, 
among others , by ^anson , George and Kim and 
Humbad and Harris . This research showed that 



Figure 2 - Trailing vortex sheet and 
filaments 
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sources which can arise from shear stresses in 
the viscous medium are (1) turbulent boundary 
layer noise, (2) trailing edge noise resulting 
from unsteady flow, (3) noise of trailed vortex 
filaments on the tip and other blade discontin- 
uities, such as the joint of a segmented rotor, 
and (4) the trailed vortex sheet arising from 
the spanwise loading gradient, as well as load- 
ing fluctuations at each blade station which 
gives rise to a sheet of vortex filaments shed 
along the blade span. This vortex sheet rolls 
up within a few chord lengths into the trailed 
filaments at the tip and into a weaker system at 
the root. The blade discontinuity of a segmen- 
ted rotor gives rise to an additional filament 
(Figure 2) . 

In a recent paper presented at the HAA/^ASA Ad- 
vanced Rotorcraft Technology Workshop Raney, 
Hood and Blggers compared the contribution of 
the unsteady nonperiodic sources. This is re- 
produced here as Figure 3 and shows that turbu- 
lence ingestion appears harmonic in content, but 
in reality is random atmospheric turbulence mod- 
ulated at blade passage frequency. 


HARROW BAND SOUND 
SPECTRUM LEVEL (d8) 



Figure 3 - Noise from unsteady loading 
sources 


NOISE PREDICTION METHODOLOGY 

8 

The method of Lowson and Ollerhead was used to 
determine the periodic forces on the rotating 
blade. Harmonic amplitudes of rotational noise 
can be determined from 




Two methods were evaluated to account for tower 
wake effects. The first was Lowson*s noncompact 
source theory, Eq. 2, which may be used to pre- 
dict periodic components of rotational noise 
if spanwise and azimuthal distribution of air- 
loads and velocity are known. 
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airloading stations and 180 azimuthal station’s, 
harmonics of rotor noise up to approximately 
40 could be determined. An alternate method 
of including wake effects was investigated 
in an attempt to imp r o'^e the hi ghe r ha rmoni c 
prediction, Wright expanded Lowson* s 

theory to include the resp<^e to a vortex. 
In the form written by Pegg , the expression 
is. 


PmB - fJ=' E p„ K, me . stti it (ft„.l) ,3, 

This was evaluated for the MOD-1 turbine using 
the wake structure jlywnstream of the tower as 
measured by Savino on a wind tunnel model . 
These results, shown in Figure 4, indicate 
reasonable agreement with measured data at 
35 and 23 RPM* Prediction of harmonic com- 
ponents of rotor noise are reliable provided 
airloads and wake structure are known. 


HOD -I WIND TURBINE 
500 KH 
HEAR FIELD 

35 RPM 23 RPM 



Figure 4 - Comparison of measured and 

predicted MOD-1 noise levels 

Prediction of the .nonperiodic sources of rotor 
noise on the other hand is less exact. For ex- 
ample, the spectrum, scale length and Intensity 
of random atmospheric turbulence is not known 
nor have pressure fluctuations in the boundary 
layer been thoroughly documented. Detailed 
knowledge of the structure of the wake of the 
rotor is required to estimate tip vortex noise 
and trailing edge noise and this information is 
not available. As a result, estimation of the 
noise due to viscous shear effects has been pre- 
dominantly empirical. Airframe noise prediction 
procedures are currently empirically based in 
that analytic methods have n<^i^ been adequately 
correlated with data. Fink , for example, 
describes the noise of fixed wind aircraft air- 
frames, leading edge devices, trailing edge 
flaps and landing gear by empirical trends . 

Since the noise due to nonperiodic sources re- 
sults from viscous effects rather than from tur- 
bulent inflow, the noise signature can be re- 
lated to profile drag of the rotor. Trends 
developed by Boeing Vertol during the Heavy Lift 
Helicopter program showed that broadband noise 
above 300 Hz was related to rotor profile power 
by 


Afa 

SPI-2KHZ = 20 Log p - 10 Log cos^y+ 0.1 + K + 20 Log 


Air loading near the tower structure was modi- 
fied by wake velocity and incidence effects. 
This procedure showed that using 11 spanwise 
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Broadband noise profile power trends based on a 
helicopter rotor are shown in Figure 5* The K 
term derived for helicopter rotors (-3 to -IS) 
appears to be too large for wind turbines and 
preliminary data from the HOD-0 unit indicates 
that a K df -26 gives good agreement. There is 
some indication that for a given profile power, 
increased blade area, A^, reduces broadband 
noise. This would indicate that reduced turbu- 
lence intensity on and in the wake of the blade 
reduces the nonperiodic noise. Directivity is 
accounted for in the angle between the thrust 
line and the observer, y, and distance effects 
in the last term. A spectum slope of 6db per 
octave appears to give good agreement for 
segmented rotors. 


VT- ft/sec 
V 900 tl 700 

O 850 ❖ 650 

□ 800 0 600 

A 750 



Figure 5 - Broadband noise profile 
power trends 


PREDICTION OF MOD-2 NOISE 

Noise levels of the MOD-2 turbine were estimated 
(Figure 6) using the methods of the previous 
section including Wright's theory for the tower 
wake response. As an upwind system, the 
velocity profile of the tower reflection shown 
in Figure 7 was included. This profile was 
developed using J-^eory for flow around cir- 
cular cylinders as well as measured pro- 
files behind model towers. Ground shear 
was considered to be insignificant and was 
not included in the air loading. Broadband 
noise was determined using Equation 4. Note 
that broadband noise for MOD-2 establishes 
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Figure 6 - Predicted MOD-2 noise levels 



Figure 7 - Wind velocity profile used 
in analysis 

the signature, while for MOD-1 (Figure 4) 
harmonic levels dominate. Broadband levels 
also dominate the MOD-0 rotors. 

An estimate of the rotational noise of the 
MOD- 2 turbine was made assuming it was operating 
as a downwind rotor. In this case, the down- 
wind velocity profile of Figure 7 was used. 
The marked increase in higher harmonic sound 
level illustrates the benefit which results 
from rotors that operate in undisturbed air. 


CONCLUSIONS AND RECOMMENDATIONS 


Upwind rotor wind turbines, which produce only 
nonperiodic sources of noise such as generated 
by random atmospheric turbulence, a turbulent 
boundary layer or the formation of a trailed tip 
vortex filament result ih a nonimpulsive acous- 
tic signature that is characterized by a swish- 
ing, rather than a thumping sound. These 
sources of noise tend to have low radiation 
efficiencies and broadband spectra which are 
more acceptable than discrete tonal noise com- 
ponents, Any device which reduces the disturbed 
wake behind the tower structure of a downwind 
rotor will also improve the acoustical signature 
of a downwind rotor. 


Upwind rotors appear to have an advantage over 
downwind rotors from an acoustical standpoint. 
Predictions for the MOD-2 turbine indicate that 
the noise signature will be of a broadband 
nature. Although noise measurements have not 
been made on the MOD-2 turbine to date, comments 
from observers indicate that the predominant 
noise is a swishing sound characteristics of a 
broadband noise source. Levels between 60-65 
dBA have been predicted for MOD- 2 at a distance 
of 200 ft, similar to those near a freeway with 
moderate traffic at an equivalent distance. 

Improved prediction methods for broadband, non- 
periodic sources of noise are required in order 
to estimate the acoustic signature of new tur^ 
bine generators with confidence. The existing 
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empirical broadbaad methodology lacks a rigorous 
analytical understanding which must be developed 
from an adequate data base in order to accurate-^ 
ly quantify these sources. Additional measure- 
ments should be made to verify the unsteady 
loading noise theory as it is developed. 


13. Schlictirig, Herman: Boundary Layer Theory, 

McGraw-Hill Book Co. Inc., 6th Ed., 1968. 
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QUESTIONS AND ANSWERS 


R,H. Spencer 


Froin: G, Greene 

Q: Did you identify any source for MGD-2 which would not also be present in a downwind 

machine? 

A: Noi It appears that the broadband sources are present on upwind and downwind 

rotors. On downwind rotor wind turbines^ the periodic components dominate the 
acoustic spectrum-- --at least at frequencies below 2OO-Z0O Bz. 
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STATUS REPORT 


ON 

DOWNWIND ROTOR HORIZONTAL AXIS WIND TURBINE NOBE PREDICTION 

BY 

F. B. Metzger and R, J, Klatte 

Hamilton Standard Division of United Technologies Corporation 


ABSTRACT 

NASA and industry are currently cooperating in the con- 
duct of extensive experimental and analytical studies to 
understand and predict the noise of large, horizontal- 
axis wind turbines. This effort consists of (1) obtaining 
high quality noise data under well-controlled and docu- 
mented test conditions, (2) establishing the annoyance 
criteria for impulse noise of the type generated by 
horizontal-axis wind turbines with rotors downwind of 
the support tower, (3) defining the wake characteristics 
downwind at the axial location of the plane of rotation, 

(4) comparing predictions with measurements made by 
use of wake data, and (5) comparing predictions with 
annoyance criteria. This report briefly summarizes 
the status of work by Hamilton Standard in the above 
areas which was done in support of the cooperative 
NASA and industry studies. 

INTRODUCTION 

Work is now under way at NASA and in industry to 
understand wind turbine noise generation mechanisms. 

All aspects of this problem are complex, so the pro- 
gress has been limited. The information in this report 
describes the work done at Hamilton Standard with the 
assistance of NASA and other investigators in industry. 

It is emphasized that the statements made in this report 
are in many cases tentative and subject to change as 
more information becomes available. 

Annoyance Problem 

In the past, many wind turbines have been built and 
operated with no indication of a noise problem significant 
enou^ to prompt an investigation or apply any noise 
control measures. This is also true of all currently 
operatii^ wind turbines except for the MOD-1 at Boone, 
North Carolina. The noise heard at the Boone site has 
been described as a thumping noise which is annoying, 
mainly when heard indoors. As shown in Figure 1, the 
complaints have been received from residents within 
1 1/4 miles of the MOD-1 site. Also, it is of interest 
to note that the complaints are received from residents 
outside the towns in the area. This indicates that the 
very quiet background noise at less populated locations 
may allow even low levels of wind turbine noise to be 
heard. It can also be seen from the topographic infor- 
mation in Figure 1 that many of the compliants are re- 
ceived from sites 1000 ft. below the hei^t of the MOD-1. 
Thus it is possible that high wind velocities could exist 


at the MOD-1 location, but the wind velocity at the com- 
plaint site mi^t be negligible. This would also lead to 
a very quiet ambient background noise in which even 
faint sounds from a wind turbine might be heard. In a 
fairly level site the nigh winds that drive a wind turbine 
would also raise the bacls^ound noise at a residence, 
so the wind turbine noise would tend to be inaudible. 



Figure 1 - Complaint locations at MOD-1 site 


The characterization of the annoying noise as a ’*thump” 
rather than a ”swish” indicates that it is impulsive in 
nature and due to interaction of the wakes from the 
tower legs with the rotor, i, e. , the wake velocity def- 
icit downwind of a tower leg causes a sharply flutu- 
ating lift on the rotor which is radiated as impulse 
noise. A sample of these impulses is shown in Figure 
2. Here the sound pressure level as a function of time 
is plotted at a location outside a house at Boone where 
complaints were generated. Each of the sharp pulses 
of Figure 2 are caused by the passage of a rotor blade 
through the tower wake. Spectrum analysis of charac- 
teristics of the noise in the near field, 205 ft. from the 
MOD-1, outdoors at a complaint location 3000 ft. from 
the MOD-1, and inside a complainant *s house are shown 
in Figure 3. Figure 3 shows that the impulse character 
of the noise is found only below 31 Hertz as evidenced 
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by the multiple humped envelope of the spectrum shape 
seen at the upper left. Above 31 Hertz it is not possible 
to identify the character of the sound and it is conjectur- 
ed that the impiilse character of the noise is confined to 
frequencies below 31 Hertz. In facts it is even more 
difficult to identify impulse character in the far field 
outside or inside a complainant’s house, it should also 
be noted that Figure 3 is typical of the data from MOD-1 
which has been analyzed. 



0 1 2 3 4 


TIME, SEC 

Figure 2 - Pressure impulse sequence recorded outside 
of complainant’s home (data from unpublished 
NASA Langley Report Jan 26, 1980) 



FREQUENCY IN HERTZ 

Figure 3 « MOD 1 noise spectra 


Prediction Method 

In order to predict the noise of a wind turbine Hamilton 
Standard has adapted the theoretically -based methodol- 
ogy used for predicting propeller noise. This method 
uses an extension of the theory contained In (ref. 1). A 
block diagram for this methodology is shown in Figure 
4, This methodology calculates tone noise due to steady 
loading associated with the volume of the blade, and 
unsteady loading caused by the wind shear and tower 
wake defect. Broadband noise due to turbulence at the 
trailir^ edge of the blade or due to interaction of the 
blade with Inflow turbulence is also calculated. The 
method is capable of evaluating the influence of ground 
reflection on measured noise, but this feature has not 
yet been considered necessary for wind turbine predic - 
tions. 


INPUTS j CALCUS-ATIONS I OUTPUTS 



I GROUND I 

I BEFliXnnON |— 
I lNFVmi4A1lON I 


Figure 4 - Far-field rotor noise calculation procedure 

The method is computerized and is a far -field time 
domain method, i.e. , it will calculate noise only at loca- 
tions a minimum of several rotor diameters from the 
wind turbine, and the output of the calculation is a fre- 
quency spectrum. In order to run cases, the perfor- 
mance of the rotor is calculated, and the characteristics 
of wake velocity defect and wind shear are used to calcu- 
late unsteady blade loads. These two sets of input in- 
formation are used to calculate the tone noise compo- 
nents of the noise spectrum. The impulse character of 
the noise due to the wake defect is calculated by the tone 
noise program. For the present annoyance studies, 
broadband noise due to trailing edge or inflow turbulence 
has not been considered. 

Correlation of Measurement and Prediction 

An indication of the accuracy of the method can be seen 
in Figure 5 where the outdoor far -field spectrum of 
Figure 3 is compared with an envelope of harmonics 
predicted by the method of Figure 4., As input, this 
calculation used wake definition derived from the model 
tests of (ref. 2). It can be seen that the impulse char- 
acter of the spectrum up to about 30 Hertz is fairly 
well predicted. However, above this frequency the 
prediction falls below the measurement and it is not 
possible to identify the character of the measured 
spectrum. 



FREQUENCY IN HERTZ 

Figure 5 - Comparison of prediction measurement for 
MOD-1 
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The lack of agreement between prediction and measure- 
ment is believ’ed due primarily to the specification of 
the tower wake which causes the f luctuating 
rotor. As indicated above, the wakes used for the 
predictions of Figure 5 were derived from wind tuimel 
model tests of a MOD-1 tower. To use this data the 
wake Gharaeteristies of the full-scale tower had to be 
inferred from measured wakes in model scale obtained 
at a distance downwind of the tower which differed from 
the full-scale, tower -to -rotor spacing. Also, it was 
assumed that the Reynold’s number of the flow in model 
and full-scale were similar. Therefore, it can be 
seen that the disagreement between predictions and 
measurements might be considerably improved if full- 
scale wake data were available for noise calculations. 


The lack of wake data in the literature obtained at dis- 
tances downstream of the tower at rotor-to-tower 
clearances being used in wind turbine design has 
prompted NASA to sponsor model wind tunnel tests at 
Wichita State University. Wake definition as a func- 
tion of Reynold’s number at several downwind distances 
close to the tower will be established for smooth cylin- 
ders having various radii on the corners. This data 
will be particularly valuable for noise predictions of 
wind turbines with single -shaft towers. Analysis of 
this data is not yet complete but early results indicate 
that the published wakes (ref. 3) for cylinders may not 
be reliable as the basis of wake definition for noise 
calculations. The deficiency in the published wake 
data appears to be due to the use of measurements ob- 
tained in the far wake, 10 or more diameters down- 
stream of a cylinder. When this data is extrapolated 
to locations closer to the tower, wake width and wake 
velocity deficit do not appear to agree with Wichita 
State data. 

Noise Annoyance Criteria 

Annoyance caused by noise from any source is a pro- 
blem which has been addressed by municipal and federal 
governments with increasing emphasis in recent years. 
Noise control ordinances have been written in many 
communities to insure that the noise of mechanical 
equipment used in everyday life does not compromise 
the character of the living environment. There are 
maiiy methods for evaluating the annoyance potential 
of a sound. However, these methods have primarily 
addressed sounds with a broadband character or ones 
with pure-tone components. Impulse noise is address- 
ed, but impulse noise corrections may not be applica- 
ble to the impulse characteristics of wind turbine 
noise. 

Therefore, NASA-tangley has conducted limited 
psychoacoustic tests in an attempt to identify annoyance 
criteria for wind turbines. The following discussion 
makes use of the NASA- Langley results plus other 
available information in order to establish some tenta- 
tive noise annoyance criteria for wind tuibine noise. 

It is recognized that NASA-Langley is continuing 
psychoacoustic research and that there is a limited 
understanding of the character of wind turbine noise 


spectra. Therefore, the criteria below shonld be con- 
sidered tentative and the starting point for further de- 
velopment. 

NASA-Langley, in unpublished reports, has taken the 
position that wind turbine impulse noise will probably 
be unacceptable if it can be heard. This is a very 
stringent criteria and one which has not been accepted 
in establishing the annoyance of other noise sources. 

In general, the rating systems such as ISO R 1996 
(ref. 4) allc^ some exceedance of the or ite^ 
sp03(*adic compiaiDts are expected. However, it is 
certainly true that wind turbine noise, that is inaudible 
wiU be completely acceptable. Therefore, the NASA- 
Langley work will be used as a starting point for devel- 
opment of the tentative criteria discussed below. 

Figure 6 shows the basis for the proposed tentative 
criteria. The curve labelled ’Impulse Noise Criteria’ 
was obtained by drawing a line throng the spectrum of 
a wind turbine impulse noise where the spectrum shape 
was adjusted such that it could just barely be heard in 
a quiet background noise in an anechoic test chamber. 
Since listeners in real life environments do not listen 
to wind turbine noise in completely quiet background 
noise, the two curves of Figure 6 for wind noise at 
20-30 mph and 0-10 mph as heard indoors were devel- 
oped by applying the assumed noise attenuation at the 
bottom of Figure 6 to measured outdoor wind noise 
spectra. Also, it has been stated earlier that the char- 
acter of wind turbine noise above 31 Hertz cannot be 
clearly identified as impulse in nature, so another line 
for minimum audible field for tones or broadband noise 
is required. For this, the minimum audible field lines 
in Figure 6 were plotted. The upper curve is one con- 
tained in an unpubUshed NASA-Langley report of June 
26, 1980 and the lower curve is one contained in ISO 
R 226 (ref, 5). The higher of these two curves will be 
used as the basis for further discussion in this paper . 
However, it is certainly subject to change as the charac- 
ter of wind turbine noise become s better under stood and 
additional psychoacoustic tests are conducted. 


Based on the above discussion, several criteria are 
suggested in Figure 6: 

1. If the noise is impulsive in nature it must exceed 
the line marked ’Impulsive Noise Criteria’ at some 
point in the 1/3 octave band spectrum* However, 
if the impulse noise is heard in a background noise 
caused by wind at 20-30 mph, the Impulse noise 
must also exceed the line marked ’Indoor Wind 
Noise Estimate 20-30 mph‘. If tne background 
noise is due to wind at 0-10 mph, then the impulse 
noise would be audible if at some point it exceeded 
the curve marked indoor wind noise estimate 0-10 
mph. 

2. If the wind turbine spectrum is not impulse in 
nature, then noise levels that do not exceed the 
curve marked minimum audible field (whole body) 
are considered acceptable. 
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From the above discussion it is clear that the nature 
of the various portions of the wind turbine noise spec- 
trum must be understood to apply the criteria* This 
will require further work* 



1/3 OCTAVE BAND CENTER FREQUENCY, HERTZ 


Figure 6 - Basis/or tentative annoyance criteria 

Application of Tentative Noise Criteria 

Figure 7 demonstrates the application of the tentative 
noise criteria. Here a 1/3 octave band spectrum at an 
operating condition of 1850 kW and 35 RPM, measured 
in a complainant *s home, is plotted. This is a 1/3 
octave band version of the narrowband spectrum plotted 
in Figure 3. Since the eomplainant^s home was in the 
valley below the MOD-1 site, it will be assumed that 
the 0-10 mph wind criterion applies. Also, as indicat- 
ed earlier in the discussion of Figure 3, the noise at 
frequencies greater than 31 Hertz is not believed to be 
impulsive. Figure 7 shows that the measured spectrum 
exceeds the impulse criteria and the 0-10 mph wind 
criteria only by a small amount of 40 Hertz. Also, the 
prediction of Figure 5 has been converted to 1/3 octave 
bands, the house attenuation of Figure 6 applied, and 
the result plotted in Figure 7. Relatively good agree- 
ment with measurements is shown at frequencies be- 
low 31. 5 Hertz. From Figure 7 it is tentatively con- 
cluded that annoyance at the complainant’s house, due 
to MOD-1 operation, should be negligible. If, on the 
other hand, the annoyance at the complainant’s house 
is indeed considered significant, then the tentative 
criteria discussed in this report must be revised. 

Noise Reduction Concepts 

Figures 6 and 7 indicated that annoyance can be elim- 
inated by minimizing the hi^-frequency components 
of wind turbine noise. Also, if the measurements and 
predictions of Figure 7 are typical of the wind turbine 
noise problem, then only a small change in configura- 
tion may be required to eliminate the problem. 


One possibility for reducing noise at higher frequencies 
is to reduce rotor design RPM. For the MOD-1, the 
design speed was originally 35 RPM. A reduction in 
design speed to 23 RPM is expected to reduce noise by 
about 10 dB, particularly at higher frequencies. On 
the basis of the measurements in Figure 7, such a re- 
duction should eliminate the annoyance problem on 
MOD-1. There is, however, some energy capture 
penalty for such a modification. 
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Figure 7 - Evaluation of predictions and measurements 
relative to tentative annoyance criteria 


Other alternatives which may have no energy captitre 
penalty are modifications to the tower. Guidance for 
beneficial changes to wind turbine support towers is 
contained in Figures 8 and 9. These figures are based 
on a simplified analytical study of wind turbines with 
downwind rotors and cylindrical towers. In Figure 8 
it can be seen that a narrow wake with a large wake 
defect is the worst case for producii^ high-frequency 
noise. If the velocity defect is minimized, then the noise 
at all frequencies is reduced. If, in addition, the width 
of the wake is increased, then the high-frequency noise 
is suppressed. 

Figure 9 indicates the best shape for a wake defect 
from a noise reduction standpoint. The shape derived 
by Schlicting from test data on smooth cylinders (ref. 

3) is seen to cause the highest level of high-frequency 
noise. A wake with cosine -squared shape produces 
less noise and, surprisingly, a Gaussian wake produces 
no hi^-frequency noise. The message from Figure 9 
is that high-frequency noise might be eliminated if the 
tower could in some way be modified to produce a 
Gaussian wake. Also, very small differences in the 
wake shape assumed for a noise calculation can have 
a large effect on the hi^-frequency components of 
noise predicted. The implied sensitivity of the calcula- 
tion procedure to small changes in wake definition in- 
dicates the need for additional work to correctly model 
full-scale tower wakes. 
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NARROW WAKE 



Figure 8 ~ Effect of wake defect amplitude and width on 
noise spectrum shape 



Figure 9 - Effect of wake velocity defect shape on noise 
spectrum shape 


in three areas: (1) noise annoyance criteria which 
correctly r^lect the actual annoyanee response of res- 
idents living around existing wind turbines, (2) accu- 
rate noise prediction procedures for use in predicting 
noise of new wind turbine designs and for conducting 
analytical noise control studies, and (3) definitive noise 
measurements of sample wind turbines for use in test- 
ing prediction methods and annoyance criteria. 


At the present time there are deficiencies in all three 
areas. Noise annoyance criteria for impulsive noise 
must be developed and their accuracy must be established. 
Noise prediction procedures such as that described in 
this paper appear capable of accurate predictions, but 
substantial work is needed to define the wakes as input 
to the calculation procedure. Finally, additional refer- 
ence wind turbine noise measurements are needed which 
have been obtained under carefully controlled condi- 
tions in the far acoustic field at test sites with terrain 
and vegetation that does not cause unpredictable changes 
in the data. 
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QUESTIONS AND ANSWERS 


F.B. Metzger 


From: F.W. Perkins 

Q: Would a swept tip on the blade effectively broaden the wake, and reduce impulsive 

noise? 

A: Xes. However ^ it is not dear how muoh sweep is required and how much of the blade 

must be swept to cause a significant reduction. 

From: P . Abbot 

Q: Do you believe that the wake deficit i-^ the sole problem of the low frequency noise 

and if so, why don*t we see this occurring (always) from the data? What is your 
feeling about the turbulence on the wake? 

A: Yes, There are nonrepetitive characteristics of the wake and atmospheric variations 

which may prevent noise generation from being consistent , Turbulence in the wake 
would lead to less annoying random or broadband noise generation. 
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ABSTRACT 

A program is being conducted to develop noise 
standards for wind turbines which minimize annoy- 
ance and which can be used in design specifica- 
tions. The approach consists of presenting wind 
turbine noise stimuli to test subjects in a 
laboratory listening chamber. The responses of 
the subjects are recorded for a range of stimuli 
which encompass the designs, operating conditions, 
and ambient noise levels of current and future 
installations. Results to date have established 
the threshold of detectability for a range of 
impulsive stimuli of the type associated with 
blade/ tower-wake interactions. The status of 
the ongoing psychoacoustic tests, the subjective 
data, and the approach to the development of 
acoustic criteria/ standards are described. 

INTRODUCTION 

The development of wind turbines which are 
acoustically acceptable to the community requires 
an understanding of the human perception of, and 
response to, wind turbine noise and any noise 
induced building vibrations resulting from their 
operation. Subjective data on wind turbine 
operations, however, are virtually nonexistent 
with the exception of a few cases of reported 
annoyance with the MOD-1, a 2000 kw downwind 
machine located at Boone, North Carolina. Further- 
more the noise associated with wind turbines, and 
in particular the low frequency blade/ tower- 
interaction noise, have temporal and spectral 
characteristics which are in a range where very 
little subjective data and/or experience are 
available (ref. 1). Thus, a laboratory study has 
been initiated to better understand wind turbine 
type noise to provide guidance in the design and 
siting of future machines. 

The factors which are believed to be important to 
the development and application of wind turbine 
noise criteria are shown schematically in figure 1. 
As indicated, the turbine may produce noise 
through several source mechanisms which may 
result in both impulsive characteristics due to 
blade/tower-wake interactions (**thumping”) and 
nonimpulsive ("swishing") noise due to unsteady 
flow over the blades. These source characteris- 
tics are modified before reaching the receiver 
due to atmospheric propagation and terrain effects. 
Finally, the effects of wind turbine noise on the 
receiver may be modified by many factors such as 
the background or ambient noise level, the time 
of day, the activity and location of the receiver 
(indoors/outdoors), and the presence of any per- 
ceptible house vibrations induced by the noise. 

To assess the impact of the noise, criteria must 
be developed which consider the receiver’s per- 
ception of, and response to, the acoustical 
factors (noise level and frequency, for example) 
and nonacoustical factors (e.g, time of day) 


associated with the operation of the wind turbine. 
These criteria must include the various source 
and path effects both separately and in combina- 
tion in order to be useful for the design and 
siting of future machines. 



Figure 1 - Wind turbine noise factors. 

This paper is a status report of an ongoing 
program to develop noise criteria to be applied 
at the receiver location. Emphasis to date has 
been on the determination of the perception 
threshold of wind turbine spectra covering the 
range of anticipated designs and operating con- 
ditions. It should be noted that building vibra- 
tion, despite the fact that it has received con- 
siderable attention in the case of the MOD-1 
operation will not be considered in this report 
for two reasons. First, the levels recorded to 
date suggest that the building response is below 
the human (whole-body) threshold of detectability 
and, secondly, it is believed that any noise 
standards resulting from these studies will yield 
noise levels low enough to preclude perceptible 
building vibration (refs. 2 and 3). 

PROCEDURE 

Tests were conducted to determine the threshold 
of detectability for the impulsive "thumping” 
sounds which result from blade/ tower-wake inter- 
actions. This stimulus is believed to be the 
dominant source of annoyance in large downwind 
machines such as the MOD-1 configuration. 

Although the thump resulting from the blade 
passing the wake of the tower is uniquely defined 
by the time history of the pressure pulse, it is 
more common to define the noise by a frequency 
spectrum which, with information on the phase 
relationship between harmonic components, 
completely describes the noise signature. Since 
phase information is not always available from 
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measurements or calculations, a preliminary study 
was conducted to examine the importance of phase 
to the subjective detectability of the noise. 

Four phase conditions were examined; three having 
coherent phase relationships and one being random. 
For the first three (nonrandom) conditions, the 
threshold of detectability was found to Be 
independent of phase and lower in level than that 
found for the random phase condition. For this 
reason, the sounds used in this study had a 
coherent phase relationship between harmonic 
components. 

Test stimuli were computer generated and con- 
sisted of a fundamental frequency (blade passage) 
and up to 250 harmonics for which amplitude and 
phase were defined. Since the sound amplifica- 
tion/reproduction system introduces phase and 
amplitude distortion, the transfer function 
between the output from the computer and a micro- 
phone placed at the location of the test subject’s 
ear was calculated. This transfer function was 
incorporated in the noise generation software, 
enabling the desired spectra and time histories 
to be produced in the anechoic test facility, 
figure 2. This facility has dimensions of 
4m X 2.5m X 2.5m (cutoff frequency of 150 Hz) and 
is equipped with two loudspeakers having a fre- 
quency response of 5 Hz to 20 kHz. 



Figure 2 - Anechoic test facility. 

Each subject was seated in front of the loud- 
speakers and instructed to press a hand-held 
switch when they heard the sotmd (fig. 3). This 
switch activated a light which indicated to the 
test conductor that a given sound was heard. 

The sound pressure level of the sound was slowly 
reduced until no longer detectable and then 
slowly raised until detectable again. This 
process was repeated until consistent ascending 
and descending thresholds were achieved. The 
mean of these two values was considered to be 
the threshold of detectability. 



Figure 3 - Stimuli presentation and 

subjective response system. 

RESULTS AND DISCUSSION 

The primary objective of the study to date has 
been the determination of the threshold of 
detectability for impulsive turbine noise having 
a variety of spectra in the frequency range from 
20 to 110 Hz. Frequencies below 20 Hz, were 
considered to be unimportant due to the extreme 
insensitivity of the ear to wind turbine noise 
levels in this low frequency region. These 
spectra were synthesized based on measured 
data from the MOD-1 site as well as calculations 
of the spectra resulting from blade/ tower-wake 
interactions (refs. 4 and 5). No broadband 
(’’swishing”) noise has been included nor have 
ambient noise effects been studied. 

Ten spectra, having a fundamental frequency of 
either 1.0 Hz or 0.5 Hz, were designed to be 
dominated, subjectively, by harmonics at dif- 
ferent frequencies. Those having a 1.0 Hz funda- 
mental were dominated by components at 20, 40, 

60, 80 and 100 Hz and those having a 0.5 Hz 
fundamental were dominated by components at 30 , 
50, 70, 90 and 110 Hz. Detectability thresholds 
were determined for each of the 10 sounds using 
nine test subjects, none of whom had significant 
hearing loss. The standard deviations of the 
threshold measurements were found to be typically 
2.5 dB, with a tendency for the spectra having 
0.5 Hz fundamental to have the higher standard 
deviations. 

The narrowband spectra at the mean threshold 
level are presented in figure 4. Tangential 
curves were fitted to these spectra and are 
presented in figure 5 for comparison. Due to 
the higher harmonic density, the curve for the 
spectra having 0.5 Hz fundamental is lower than 
the 1.0 Hz case. Also shown in the ISO pure tone 
or minimum audible field (MAF) threshold (ref. 6) 
which has the same general shape. The difference 
in level between the turbine curves and the MAF 
curve may be attributed to the critical bandwidth 
of the human ear (ref. 7) which is far greater 
than the bandwidth used in the spectral analysis* 
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Figure 5 - Thresholds of detectability 
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Figure 4 “Narrowband spectra at the mean 
threshold level 


The data (fig. 5) suggest that the frequency of 
the fundamental is a significant variable. It 
is recommended that the 1 Hz fundamental curve 
be used and then an adjustment made on a 
logarithmic (energy) basis for the actual funda- 
mental blade passage frequency. Thus, the curve 
for 0.5 Hz fundamental would be 3 dB lower 
and the curve for 2 Hz would be 3 dB higher 
than the 1 Hz fundamental curve. Furthermore, 
the frequency analysis bandwidth should be 
less than the fundamental frequency. The use 
of 1/3 octave or octave band analysis is not 
recommended due to the steep slope of the 
threshold curves. 


Certain limitations of the preceding results need 
to be considered. Mean threshold data have been 
presented and consequently many people will be 
able to detect sounds at lower levels. Also 
these tests were conducted in an anechoic environ- 
ment with extremely low background noise (masking 
by higher levels of background noise will be 
considered in the near future). The spectra 
used to generate the threshold curves were 
specifically designed such that detectability was 
achieved over a narrow frequency range. The 
threshold level of sounds which have components 
at or near the threshold curve over a wider fre- 
quency range is unknown at this point in time, 
but will be studied in future testing. 

CONCLUDING REMARKS 

The thrust of the program is to develop the 
psychophysical functions relating human response 
to each of the wind turbine noise components such 
as ^thumping” and swishing . " Furthermore, the 
variation or dependence of these functions on 
other acoustical factors such as ambient noise 
will be examined. This will enable assessment 
of the acceptability of a predicted or measured 
noise condition at a receiver location. For 
example, if "thumping” is the. dominant noise 
source in a low ambient noise situation, the 
ideal solution would be to design for noise levels 
below the threshold of detectability for impulsive 
noise (fig. 5). However, if the measured or pre- 
dicted spectrum exceeds the detection threshold, 
annoyance may result. The degree of annoyance 
cannot be predicted at the present time due to 
absence of subjective data under actual operating 
conditions but an indication of the growth of 
annoyance may be found in classical loudness 
studies which show that the growth of loudness 
is frequency dependent as shown in Table 1. 


Frequency 

dB/doubling of loudness 

20 

4.5 

50 

6.1 

100 

7.2 

500 

8.6 

1000 

10. 0 
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Table 1 - Growth of loudness 




Exceeding the threshold of detectability at 
20 Hz has more serious consequences than at 
higher frequencies. Tn general, tfie major use 
of the psychophysical relationships will be to 
guide the designer/operator in pinpointing the 
exact frequency components and, hence source 
mechanisms which may cause problems with wind 
turbine operations. 
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QUESTIONS AND ANSWERS 


D.G. Stephens 


From I Anonymous 

Qi Have you varied the background ambient noise level in your test room to simulate 
that at a residence? 

As HJOi but we intend to. 

From; W. Beans 

Q: From test subjects did you obtain the standard deviation due to subject age? 

A: fio. Alt suhjeots used in the test had good hearing and consequently were relatively 

the same young age. 

From ; D • W . Thomson 

Qs Have you considered setting the individual subjects on a shaker table driven from 
your synthesizer system so as to provide "body" input? Another possibility would 
be to include a loaded china closet in the chamber which might pick up the vibrating 
stemware source. 

As No answer was provided. 
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SUMMARY OF STATE-OF-THE-ART DISCUSSIONS 


Following are the siiinmary reports made by the Session Chair- 
men. During all of the discussion sessions^ participants 
were asked to focus on the following three questions: 

1. Are the state-of-the-art analysis tools satis- 
factory for designing the next generation of 
wind power systems? 

2. Are state-of-the-art analysis tools being used 
satisfactorily by designers? 

3. What important verifications of theory are 
lacking or inadequate? 

in the summary reports, the Session Chairmen have attempted 
to report the general context of the discussions rather than 
specific comments. The discussion sessions were described 
as controlled, but were diverse and inconclusive. In most 
areas, there was no consensus opinion with regard to the 
answers to the above questions. 
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AERODYNAMICS SESSION REPORT 


by 

J,M, Savino and J,G, Estes 
NASA Lewis Research Center 


A meeting with the authors of the aerodynamics session of the Dynamics Workshop revealed 
diverse opinions on the adequacy of current working technology* There was definitely no 
consensus- 

A substantial minority voiced the opinion that current working knowledge is entirely suf- 
ficient to design the next generation of wind turbines. It was stated that wind turbines 
operation and maintenance costs are well controlled. It was also pointed out that vibra- 
tory loads do not appear to be an important wind turbine design driver so that improved 
loads computation methods are unnecessary. 

Several members of the audience argued for less costly analysis methods. Extensive com- 
puter analyses are said to be simply too expensive to be economically justifiable for 
small wind turbines. There was some sentiment expressed for a ”make-em and break ’em” 
trial and error approach. Manufacturers of small machines would prefer to have a small 
library of analysis programs which could be run on hand calculators. One author noted 
that small wind turbines are less complicated than large trucks and should/ therefore, 
cost less per pound. One contributor asked if wind turbine costs could not be reduced 
by reducing performance requirements sufficiently to eliminate sophisticated aerodynamic 
and structural analyses. 

Some questioned the adequacy of communications within the wind turbine community. It was 
suggested that acceptable analytical techniques may be available but are unknown or un- 
available to some of those who need them. One person felt that the aerodynamic, per- 
formance, and loads specialists do not discuss their requirements sufficiently with one 
another . 

Among those calling for improvements in state-of-the-art analyses, the following points 
were made: 

1. The widely used PROP computer program predicts rotor performance well over most of 
the operating range, but it gives unsatisfactory results and is difficult to extend 
to high tip-to-wind speed ratios. 

2. Greater standardization in predictive techniques is desirable to minimize the present 
wide variation in answers. 

3. Present aerodynamic predictions for small wind turbines seem inadequate to forecast 
extreme conditions. 

4. Some commonly « used loads programs do not predict well, but it is unclear whether 
this is due to deficiencies in the programs themselves or to their aerodynamic in- 
puts. 

The following comments were made in the area of test verification: 

1. Small wind turbines require increased emphasis on the comparison of analysis and 
tests . 

2. Field measurements and their analysis deserve higher priority and increased publi- 
cation. 

3. Additional controlled (wind tunnel) testing would help to verify the aerodynamic 
predictions. (However, scaling problems frequently cause wind tunnel results to 
overpredict full-scale responses.) 

4. Greater attention is needed for the comparison of predicted versus observed wind 
turbine energy capture. 
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ACOUSTICS SESSION REPORT 


by 

James P, Couch 
NASA Lewis Research Center 


Sounds generated by a wind turbine during its operation are a relatively new concern to 
wind turbine designers. None of the earlier machines, dating from the Smith-Putnam 
machine of the early forties through the DOE/NASA Mod-0/Mod-0A*s, generated sounds 
that were loud or disturbing enough to be noted by any observer. This is not the case 
for the DOE/NASA Mod-l machine installed at Boone, North Carolina. From the time the 
Mod“l first began regular operations in October, 1979, some of the residents living 
near the wind turbine (within 1 km) started complaining about the sound generated by the 
machine. The sound has two general characteristics: (1) a steady swishing sound pro- 

duced by the aerodynamic disturbances around the blade, like tip vortices and turbulences; 
and a thumping or beating sound which is produced each time one of the blades passes 
through the wake of the tower. This thumping sound has been the source of most of the 
complaints. To date, about a dozen households of the hundred or so nearest the machine 
have complained at least once, some several times. The topography around the Mod-1 is 
a significant factor in the local sound perception of the machine. The wind turbine is 
installed on top of a 1347m mountain. Most of the homes where complaints have originated 
are located in narrow, heavily wooded valleys about 310m below the wind turbine. The 
background sound level of these valleys is very quiet. 

All of the papers in the Acoustics Session deal with sound generated and propagated by 
large, horizontal axis wind turbines. Some measurements have been made of the sound 
generated by vertical axis wind turbines by the Solar Energy Research Institute, but these 
data are not yet available. The Session contained ten papers: two dealt with wind 

tunnel experiments, two dealt with sound measurements taken around the Mod-1 site, one 
dealt with the effects of propagation on perceived sound at Boone, four dealt with analy- 
tical approaches to ealculating wind turbine sound generation, and the final paper dealt 
with the establishment of a criteria or standard for acceptance of wind turbine noise. 

Many factors influence whether the sound generated is objectionable or not, and not 
all authors agree on which factors are more significant. Most agree that the analytical 
tools seem to define the theory adequately. Some feel better agreement between analysis 
and experimental data could be obtained if more detailed information were available on 
the structure of the air stream entering the rotor, especially for downwind rotor 
machines. Other authors feel that the variability of the wind will make such detailed 
analyses of limited practical use, and they have adopted some sort of averaging approach 
and empiricism in their analyses to get results. This difference in approach shows up 
in other areas. Those who are concerned about the details of the wake structure tend to 
be the same people who do detailed analyses of sound measurements resulting from a single 
passage of one blade behind the tower legs. Each blade passage then becomes an event 
which may or may not produce a thump which is loud enough to disturb people. The other 
workers prefer to accumulate, and average in some way, a great many of these individual 
events. These sound levels would than be compared against a complaint history or against 
an accepted standard - 

An additional complicating factor is the effects of topography and meteorological condi- 
tions on the propagation of sound from the wind turbine to the listener. Various authors 
showed that propagation in the area around Mod-1 could amplify sound by 6 to 25 dB at 
distances of about 1 km. 

Finally, each Session was asked to focus on three questions: 1) Are state-of-the-art 

analysis tools satisfactory for designing the next generation of wind power systems? 

2) Are state-of-the-art analysis tools being used satisfactorily by the designer? 

3) What important verifications of theory are lacking or inadequate? Since sound 
generation is a relatively new concern for wind turbine designers (and even then only 
for designers of horizontal axis wind turbines) , the analysis tools are also relatively 
new and untested. Very little verification work has been done on these analysis tools 
and much work in this area needs to be done. It is not yet known whether or not large 
vertical axis wind turbines generate sounds that will prove to be disturbing to nearby 
residents. 
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ELECTRICAL AND CONTROL SYSTEMS SESSION REPORT 


by 

Leonard J . Gilbert 
NASA Lewis Research Center 


General agreement was indicated by the participants of the Electrical and Control Systems 
Session that given the configuration and parameter values of the machine, the state-of- 
the-art analysis tools are satisfactory for designing the controls for an individual 
wind turbine system. Some areas of the technology are still not well defined. For 
example, the improvement of wind modeling and the method of applying a given wind model 
is one feature that warrants attention. A second phenomenon that needs clarification is 
the dynamics of the yaw motion of a HAWT. Generally, however, the analysis tools are 
available and are being satisfactorily used. Similarly, the analysis integration with 
the utility network is an area of the technology wherein greater understanding must be 
achieved. 

The consensus of the participants was that the establishment of compatibility between 
wind machine technology and power system technology and requirements is the necessary 
objective of research and development efforts in the electrical and control systems area 
of WECS. An appreciation of this requirement is present and increasing in the wind 
turbine and power system technical communities, and the cooperation between utilities 
and machine designers is improving as each technology acquires a better understanding 
of the performance requirements of the other. This situation is true for SWEGS as well 
as WECS. 

To make an impact on the quantity of electrical power generated wind turbines must be 
operated in sizable clusters. Among the several parameters which affect the performance 
of the cluster, the key parameter may be the array design— the conf iguration of the 
array and manner in which it is tied into the network. Research and development studies 
targeting the effect of array designs should be undertaken promptly. 


WECS are being designed and built emphasizing energy capture and cost of electricity. 
Possible trade-offs between these considerations and the response desired, and required 
by the utility, should be recognized. There must be a rationalization between the cost 
of utility usage and the cost of generation. 

The full integration of WECS into the power network was recognized as a complex problem. 
Nevertheless, with appropriate analytical studies and the increasing development of 
operating clusters on networks, the technology is building toward a complete under- 
standing of the problem. 
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STATE OF THE ART SUMMARY 


STRUCTURAL DYNAMICS AM) STRUCTURAL 
Afd ROTOR DYNAMICS SESSIONS 


The session chairmen, authors of papers and other interested attendees held a discussion 
on Wednesday, February 25 which attempted to answer the following three questions: 

1. Are State-of-the-art analysis tools satisfactory for designing the next 
generation of wind power systems? 

2. Are state-of-the-art analysis tools being used satisfactorily by designers? 

3. What important verifications of theory are lacking or inadequate? 

The discussion was lively and produced a diversity of conflicting opinions representing 
the experience and personal beliefs of the participants. Nevertheless, there did emerge 
a general consensus of opinion. The following is an attempt to summarize that overall 
consensus regarding these three questions. 

Regarding the use of state-of-the-art analysis tools, the overall opinion was that these 
tools are satisfactory for predicting design loads, steady state response and 
performance. The existing tools have shortcomings In analyzing transient loads and 
hardware response at resonant or near- resonant conditions. In particular, it was 
pointed out that the existing methods are deficient in their ability to predict free yaw 
behavior in horizontal axis wind turbines, and to provide an adequate description of 
wake aerodynamics for vertical axis machines. The current practice is to take great 
pains to avoid operating near critical resonances. It was believed by most present that 
this practice, augmented by the judicious use of structural or mechanical damping, will 
prove to be adequate to design satisfactory and safe wind turbines. It was noted that 
the NASA Mod-0 experimental wind turbine at Plum Brook Ohio is providing valuable 
empirical data to verify and expand theory. 

Finally, there was wide disagreement concerning the need for, and value of, stochastic 
studies. 

Discussion of the second question produced more of a concensus of opinion. Simply 
stated, it was felt that some designers are using state-of-the-art analytical tools, and 
some aren't. Obviously, among the users are the Targe manufacturers - invariably from 
the aerospace field - already in possession of helicopter rotor codes, sophisticated 
finite-element computer codes, etc. In contrast, some of the small designers prefer the 
approach which uses high safety factors, and engineering judgment in combination with 
simpler analysis in producing wind turbines to be qualified by a try 'em/bust 'em /fix 
'em approach. This somewhat sanguine attitude, while not always without merit, is 
perhaps offset by the large number of fatigue failures experienced by small machines at 
the Rocky-Flats test site. A case in point, however, that the use of sophisticated 
analytical tools alone does not guarantee anything, may be made by the experience of 
some of the large wind turbines, where drive shaft failures, blade fatigue cracks, etc. 
have occurred. Large manuf acturers also have had their problems. 

In the case of the third question, there was virtually unanimous agreement that the most 
important verifications of theory that are lacking are correlations of theory with data 
from the long term operation of wind turbine systems over the complete spectrum of 
design conditions - including transient conditions. 

Specifically, three areas were singled out, in which experimental and/or actual 
operational data verification is needed, as follows: 

o Free yaw performance 

0 Verification of soft tower designs (i.e. natural frequencies less than the 
turbine shaft speed) 

0 Actual demonstration of long-term reTiable performance 
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